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Abstract 
Protein structure dictates function. While natural proteins exhibit great versatility, the intricacies of 
controlled structure, assembly, and recognition are subtle and challenging to engineer. Computational 
protein design is a powerful tool useful for creating uniquely functional systems. Presented herein are 
experimental studies for two computationally designed, functionally rich protein systems. 
The first example discusses a four-helix bundle protein designed to bind a single copy of an optically 
active Zn-porphyrin donor – phenyl bridged – naphthaldiimide acceptor (PZn-Ph-NDI) charge-separating 
chromophore in a well-structured local environment and study its electron transfer (ET) properties. PZn-
Ph-NDI is covalently bound within the bundle core by a single histidine. Redshifts in PZn-Ph-NDI Soret and 
Q-bands measured by UV/Vis, a ratio shift in the double-peak PZn-Ph-NDI fluorescence, and a circular 
dichroism “Cotton Effect” strongly suggest that PZn-Ph-NDI is encapsulated in the designed pocket of the 
four-helix bundle core. Pump-probe studies revealed the protein undergoes a switch in the effective 
dielectric constant (εs) following photoinduced ET, from εs ≈ 8 to εs ≈ 3. Studies of chromophores in 
engineered proteins with well-structured interiors can facilitate elucidation of ET processes within protein 
environments. 
The second example discusses a designed protein useful for controlling association and separation of Au 
nanoparticles (AuNP) and Au nanorods (AuNR) with zinc-coordinating proteins. The protein was designed 
to present multiple Zn2+ coordination sites and cooperatively self-associate to form an antiparallel helical 
homodimer. When bound to the surface of AuNPs or end-grafted to AuNRs via cysteine, the protein 
provides a reversible molecular linkage. Association and changes in interparticle separation were 
monitored by redshifts in surface plasmon resonance (SPR) and by transmission electron microscopy 
(TEM). Titrations with Zn2+ revealed sigmoidal transitions indicative of cooperative assembly. Specifying 
the number of helical (heptad) repeat units conferred control over protein length and interparticle 
separation. Two different length proteins were designed via extension of the helical structure. TEM and 
extinction measurements revealed distributions of interparticle separations consistent with the expected 
protein structures. Particle association, interparticle separation, and SPR properties can be tuned using 
computationally designed proteins, where protein structure, folding, length, and response to molecular 
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EXPERIMENTAL STUDIES OF FUNCTIONALLY DIVERSE AND CONTROLLABLE 
COMPUTATIONALLY DESIGNED PROTEIN SYSTEMS 
Matthew J. Eibling 
Dr. Jeffery G. Saven 
 
Protein structure dictates function. While natural proteins exhibit great versatility, the 
intricacies of controlled structure, assembly, and recognition are subtle and challenging to 
engineer. Computational protein design is a powerful tool useful for creating uniquely 
functional systems. Presented herein are experimental studies for two computationally 
designed, functionally rich protein systems. 
 
The first example discusses a four-helix bundle protein designed to bind a single copy of 
an optically active Zn-porphyrin donor – phenyl bridged – naphthaldiimide acceptor 
(PZn-Ph-NDI) charge-separating chromophore in a well-structured local environment and 
study its electron transfer (ET) properties. PZn-Ph-NDI is covalently bound within the 
bundle core by a single histidine. Redshifts in PZn-Ph-NDI Soret and Q-bands measured 
by UV/Vis, a ratio shift in the double-peak PZn-Ph-NDI fluorescence, and a circular 
dichroism “Cotton Effect” strongly suggest that PZn-Ph-NDI is encapsulated in the 
designed pocket of the four-helix bundle core. Pump-probe studies revealed the protein 
undergoes a switch in the effective dielectric constant (εs) following photoinduced ET, 
from εs ≈ 8 to εs ≈ 3. Studies of chromophores in engineered proteins with well-structured 




The second example discusses a designed protein useful for controlling association and 
separation of Au nanoparticles (AuNP) and Au nanorods (AuNR) with zinc-coordinating 
proteins. The protein was designed to present multiple Zn2+ coordination sites and 
cooperatively self-associate to form an antiparallel helical homodimer. When bound to 
the surface of AuNPs or end-grafted to AuNRs via cysteine, the protein provides a 
reversible molecular linkage. Association and changes in interparticle separation were 
monitored by redshifts in surface plasmon resonance (SPR) and by transmission electron 
microscopy (TEM). Titrations with Zn2+ revealed sigmoidal transitions indicative of 
cooperative assembly. Specifying the number of helical (heptad) repeat units conferred 
control over protein length and interparticle separation. Two different length proteins 
were designed via extension of the helical structure. TEM and extinction measurements 
revealed distributions of interparticle separations consistent with the expected protein 
structures. Particle association, interparticle separation, and SPR properties can be tuned 
using computationally designed proteins, where protein structure, folding, length, and 
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1. INTRODUCTION  
 
1.1 Motivations for the Study of Proteins 
 
Proteins are essential to the function of all biological processes and carry out a 
wide array of diverse and necessary functions. They are used to form enzymes, catalyze 
chemical reactions, transport and store important biological molecules, and also gather 
stimuli (sight, touch, taste, smell, hearing) from an organism’s environment. Proteins in 
nature are derived from a plethora of combinations of twenty naturally occurring amino 
acids. When linked in a sequence, termed the primary structure, these amino acids 
contain, encoded within, the data regarding its full three dimensional structure (tertiary 
structure) and particular function. The specificity of a given structure is primarily 
resultant from the combination of many minute non-covalent interactions between the 
amino acid subunits. Individually, these interactions are subtle, but in concert they have a 
profound effect on the overall structure. Consequently, amino acid sequences fold into 
various secondary structures including alpha-helices, beta-sheets, and beta-hairpins. A 
fully folded protein’s tertiary structure is oftentimes composed of multiple segments 
having differing secondary structures. This added complexity makes proteins both 
structurally diverse and functionally rich. Additionally, tertiary structures can associate to 
form multidomain quaternary structures with more complex functions. Nature uses these 
protein sequences to produce most of its functional molecular assemblies which have a 




While a protein’s primary structure is now reasonably easy to determine, its 
specific three dimensional form, which determines its specific function, remains one of 
the most important unsolved problems in science.1 Therefore, determining how the 
structural and functional characteristics correlate with a protein's amino acid sequence is 
a continuing objective crucial to developing an understanding of the mechanisms of life 
processes, as well as enabling more accurate interpretations of the wealth of existing 
genomic information. 
 
1.2 Protein Design 
 
In general, protein design focuses on identification of sequences that fold to a 
desired structure in order to provide an intended function.2 However, proteins present a 
massive challenge with regard to identifying and correlating specific structures to 
particular functions. Even with the benefit of an ever enlarging body of solved protein 
structures3 (>130 thousand at the time of this writing according to the Protein Data 
Bank.), the identification of features or patterns within the protein’s amino acid sequence, 
which regulate folding of the protein into a specific structure, are challenging to identify. 
In addition, the variable and specific functionality of naturally occurring proteins also 
offers an attractive means for control of various biological and nonbiological processes 
via their modification. Indeed, proteins are ideally suited for modification, due to their 
many degrees of freedom, making them highly programmable. Protein design or redesign 
facilitates the exploration of protein sequences having functions not encountered in 
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nature, advances our understanding of biological processes, and expands the 
opportunities to investigate and engineer new protein based systems.4  
 
1.3 Rational Protein Design 
 
A great deal of empirical knowledge regarding protein structure and function has 
been collected through biochemical experiments and protein structure determination. 
Applying this empirical knowledge to the modification of a protein is often termed 
knowledge based or rational design. These methods rely on collected information to 
identify primary structure motifs which are commonly involved in forming specific 
secondary structure targets. These include alpha-helices, beta-sheets, beta-turns, and 
loops. These methods can also be applied to more complex features such as specific 
ligand binding sites or overall tertiary structure by evaluation of patterns in sequence 
topology. The sequence selection is typically further constrained by experimental 
knowledge concerning the propensity of individual amino acids to be involved in 
particular secondary structures, to be buried, or to be surface exposed.5, 6 These 
approaches have shown positive results in the area of peptide design, particularly with 
regard to the formation of self assembling helices. These include examples based on 
sequence motifs with amphiphilic and alpha-helical patterns that were found to associate 
to form helical tetramer bundles5, 6, as well as more complex examples capable of binding 
metal ions7-14, and metallo-cofactors15-17. While these results proved to be functional, they 
were often found to be less structurally stable when compared to their natural 
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analogues.18-25 In another example, proteins having the majority of their primary structure 
randomized while maintaining only the patterning of hydrophobic and polar residues 
have been shown to retain their ability to fold into anticipated structures.26 These 
examples highlight an inherent disadvantage of relying on sequence motif patterning for 
protein design. Mainly, that it fails to account for the summation of minor stabilizing 
forces such as van der Waals forces, hydrogen bonds, and electrostatic interaction which 
individually are weak, but collectively have a large impact on the tertiary structure. 
 
Other rational design approaches avoid the concern of engineering in large sets of 
minute interactions by instead focusing on screening methods. Libraries of minimal 
mutations to a natural protein are generated and screened for altered or enhanced 
function. The sets of mutations are typically generated by DNA Shuffling.27, 28 These 
combinatorial library methods have been successful in achieving native like folds29, 30 
with functionalities including heme binding tetramer bundles31, copper binding 
complexes32, or enhanced water solubilization33. Through repeated cycles of applying 
further mutation to the best result of the previous screening round, referred to as directed 
evolution, complex functional systems have been fabricated. These include examples of 
catalytic antibodies34-36, enzymes37-39, and proteins with enhanced ligand affinity40. The 
technique of screening specifically for a function, such as ligand binding or enzymatic 
activity, allows generation of highly complex functional systems without requiring a 
complete understanding of the protein's structure or mechanism of function. While this 
may be advantageous in some cases, the methodology is severely limiting because only 
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changes to the structure detectable by high throughput screening can be evaluated. 
Additionally, to be tractable, the screening process must begin with a well structured 
protein thereby limiting the initial constructs to naturally occurring or previously 
designed structures.41-44 A main challenge is an exponential 20N search space of possible 
sequences, where N is the sequence length. For example, there are 20100 ≈ 10130 possible 
sequences for a 100 amino acid protein. Consequently, the full sequence search space can 
only be adequately analyzed using screening techniques for cases with sufficiently 
limited variability.29, 30 
 
1.4 Computational Protein Design 
 
The challenge of incorporating both a large 20N effective search space and 
consideration of the many subtle non-covalent interactions responsible for stabilizing 
folded proteins makes computational design an attractive option as it offers a means to 
manage the limitations of rational design as described above and additionally permits 
design of specifically tailored functional proteins. 
However, the number of degrees of freedom and plethora of possible 
intramolecular interactions leads to a computationally intractable problem for even a 
modest sized protein. This is because the number of degrees of freedom and potential 
interactions to consider scale exponentially with the size of the protein. To contend with 
this issue, methods have been introduced to reduce the overall complexity of the 
calculation and subsequently make the design search space more computationally 
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tractable. Examples of these complexity reduction methods include; 1) Backbone 
templates, 2) Limitation of amino acid rotameric states (Rotamer libraries), 3) Targeted 
sequence composition, 4) Solvent approximations, and 5) Choice of energy functions. 
 
1) Backbone templates: The coordinates of backbone atoms are often modeled 
after natural protein systems. These coordinates are frequently fixed during the design 
calculations. This allows significant reduction of degrees of freedom while maintaining a 
viable backbone. Backbone atom coordinates are often taken from x-ray crystal structures 
or NMR structures of natural proteins.45 New backbone scaffolds can be created by 
fusing several natural protein fragments46-48 or secondary structure components49-51, or by 
the use of homology modeling.52 Backbone positions of secondary structure components 
can also be generated mathematically from first principles.53-57 
 
Fully fixing the coordinates of the backbone can limit sequence variability. As 
such, computational methods which allow minor main chain atom adjustments have been 
implemented. These maintain much of the advantage of limiting the number of overall 
degrees of freedom while allowing exploration of broader sequence search spaces.58-64 
 
2) Limitation of amino acid rotameric states (Rotamer libraries): Once a set of 
backbone positions have been fixed, amino acid residue conformations are the main 
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feature contributing additional degrees of freedom to the protein design calculation. 
Lengthy amino acid side chains such as Lys contain five rotatable bonds. Each bond can 
have a plethora of different dihedral angles and each set of dihedral angles yields a 
different side chain rotameric state. The number of different rotameric states scales with 
the number of allowed dihedral angles at each rotatable bond raised to the power of the 
number of rotatable bonds. Allowing side chain conformations to explore a significant 
fraction of the total set of rotameric states quickly leads to a computationally intractable 
number of degrees of freedom. Consequently, rotamer state approximations are used.  
 
Rotamer state approximations typically consist of targeted reductions to the 
number of allowed rotameric states.65, 66 The reductions are often guided by dihedral 
angles taken from databases of energetically favorable structures.67 From these, rotamer 
libraries containing discretized sets of rotameric states are generated. These rotamer 
libraries can be dependent on specific backbone or secondary structure conformations, or 
can be backbone independent.67-74 The number of rotameric states available can be 
scaled. In cases where the small set of most common rotameric states is too limited, more 
diverse sets of rotameric states may be used.75 Rotamer libraries can be further modified 
to permit minor variation of bond lengths and angles.76, 77 Where precision variation of a 
side chain dihedral angles is required, such as for residues involved in small molecule 




3) Targeted sequence composition: Based on knowledge of natural protein 
systems, some positions of a protein fold are less likely to be populated by certain types 
of amino acid residues. Examples include hydrophobic residues at exterior positions, 
charged residues at core positions, or helix-breaking residues in alpha-helices.78, 79 Design 
considerations, such as sites occupied by a specific metal binding residue, may dictate 
part of the sequence composition. In such cases, positions can be fixed to a single amino 
acid residue or set of permissible amino acid residues. This type of targeted sequence 
patterning can be beneficial in reducing the total number of degrees of freedom in the 
calculation. 
 
4) Solvent approximations: For protein systems, explicit modeling of all water 
molecules is typically impractical. Instead, implicit solvent models consider solvation 
using an environmental potential energy.80 Based on parameters derived from soluble 
proteins, these methods approximate solvent exposure propensities from Cβ densities 
surrounding every amino acid.81 Environmental energy implicit solvent models have been 
shown to be in general agreement with frequently used hydrophobicity metrics81 and have 
the advantage of being significantly less computationally expensive than explicitly 
modeling a solvent environment. 
 
5) Choice of energy functions: Given the vast possible search space for even 
modest sized proteins, it is necessary to utilize computational methods which efficiently 
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solve the functions describing the energetics of the structures being designed. There are 
many examples of energy functions, each with a specific use case. These energy 
functions can be grouped into three general types82, 83: 1) Statistical effective energy 
functions, which include the environmental energy potential described above81, 84 and 
helix propensity functions5; 2) Empirical effective energy functions, such as those 
realized through machine-learning85-89; and 3) Physical effective energy functions, 
consisting of atomistic force fields including AMBER90, CHARMM91, and OPLS92. 
Various combinations of these energy functions are typically applied during the design 
process. 
 
Modern computational protein design methods use a range of algorithms and 
energy functions to identify targeted protein sequences. These methods generally fall into 
two categories: 1) Directed search methods, which identify sequences subject to 
optimization of an energy function; and 2) Probabilistic search methods, which use mean 
field theory to evaluate ensemble sequences for compatibility with a targeted fold. Each 
of these two approaches are discussed further below. 
1) Directed Search Methods: Efficiently sample a sequence search space subject 
to minimization of an energy function. Commonly used examples of directed search 
methods include Monte Carlo simulated annealing93, 94 and genetic algorithms95, 96. While 
directed search methods are very efficient, they have a significant drawback, mainly that 
the resultant solution may not represent the global minimum of the potential energy 
landscape. Directed search methods function by sampling or making small sequential 
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steps on an energy landscape. Each step is evaluated with only those minimizing the 
energy function being accepted, and others being rejected. Consequently, directed search 
methods are highly prone to being trapped in local minima of the potential energy 
surface. This issue can be greatly curtailed through the incorporation of additional sets of 
tools, such as dead-end elimination algorithms.97-99 These tools function by iterative 
searches of the entire phase space in order to identify the global minimum. Although 
functional, these methods are highly computationally expensive due to the exponential 
scaling of computing time with sequence length.100 
 
2) Probabilistic Search Methods: Statistical mechanical probabilistic search 
methods provide an ensemble of sequence results with given site specific probabilities 
based on local energetic interactions.101, 102 This is in contrast to directed methods 
(described above) which seek to minimize an energy function to a global minimum and a 
single sequence result. Probabilistic methods instead minimize free energy or maximize 
entropy of a sequence ensemble resulting in a set of site specific probability profiles 
describing an ensemble of sequences from which a consensus sequence can be 
identified.81, 103-106 Probabilities are calculated through optimization of an effective 
sequence-rotamer entropy, where the highest entropy ensemble yields the most accurate 
probability profile. A sequence ensemble can be more useful because it highlights residue 
positions that are highly conserved as well as residue positions which may tolerate 
mutation without significantly altering the protein structure.81 Concerning the design of 
functional proteins, indicators as to which amino acid positions are important to 
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maintaining the desired fold are quite valuable. In addition, the ensemble nature of the 
probabilistic method is highly advantageous because it functions well with incomplete 
information.107, 108 This is especially important given the approximations typically made to 
reduce the overall number of degrees of freedom; such as using backbone coordinates 
which are fixed or allowed minimal adjustment, use of discrete rotamer libraries, and use 
of highly simplified solvent models. A further advantage of probabilistic methods is that 
they do not suffer the same degree of sequence length dependent exponential 
computational time increase that directed methods suffer. This makes the design of larger 
proteins computationally accessible. 
 
1.5 Overview of Projects 
 
The designs discussed in later chapters utilize many of the approximations 
discussed above as well as probabilistic methods. As the specific combination of tools 
described varies for each design project, details of the design methodology are discussed 
in the computational sections for each designed system. Following are brief abstracts for 
the experimental characterization of the computationally designed protein systems 
discussed in later chapters. These sections focus largely on the experimental realization 
and study of computationally designed systems. 
 
Protein Computationally Designed to Bind an Optically Active Chromophore and 
Used to Study an Electron Transfer (ET) Induced Change in Protein Dielectric. 
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This project focuses on the experimental realization and study of a 
computationally designed single chain 4-helix bundle protein with an engineered binding 
site tailored to a non-biological optically active chromophore which exhibits interesting 
photophysical charge transport properties. The chromophore is a Zn-porphyrin donor – 
phenyl bridged – naphthaldiimide acceptor (PZn-Ph-NDI) molecule. The protein is 
designed to bind the PZn donor portion of PZn-Ph-NDI axially with a single Histidine 
and encapsulate the chromophore in a well-structured local environment. Binding of PZn-
Ph-NDI was carried out in the presence of 0.2% TritonX-100 to aid chromophore 
solubility. PZn-Ph-NDI is otherwise insoluble in aqueous environments. Experimental 
validation of the chromophore bound protein was carried out using a number of 
techniques. UV/Vis was used to confirm the presence of redshifts in the Soret and Q-
Band of the PZn moiety indicative of axial coordination of the protein’s Histidine to PZn-
Ph-NDI’s Zn-porphyrin. Fluorescence spectra for samples, excited at their UV/Vis 
determined Soret band maxima, showed double-peak fluorescence characteristic of the 
PZn moiety of PZn-Ph-NDI with a notable shift in intensity ratio indicative of axial 
ligation to the PZn moiety. Finally, circular dichroism (CD) data collected for the 
chromophore bound protein samples show optical rotation data centered around the Soret 
band max absorbance which is highly characteristic of the Cotton Effect. The data is 
consistent with the PZn-Ph-NDI cofactor residing in a chiral environment (i.e. the bundle 
core). The combination of UV/Vis, fluorescence, and CD data strongly suggest that the 
cofactor is indeed encapsulated in the designed pocket of the 4-helix bundle protein. 
Pump-probe studies revealed modulation of ET rates for PZn-Ph-NDI bound to protein as 
compared to the chromophore in other organic solvent environments such as DMSO. 
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Pump-probe studies also revealed a switch in effective dielectric constant (εs) following 
photoinduced ET, from εs ≈ 8 to εs ≈ 3. These results highlight how studies of 
chromophores in engineered proteins with well structured interiors can potentially 
facilitate elucidation of ET processes and transient effects on the local protein 
environment. 
 
Controlling Association and Separation of Gold Nanoparticles with 
Computationally Designed Zinc-Coordinating Proteins. 
Functionalization of nanoparticles with biopolymers has yielded a wide range of 
structured and responsive hybrid materials.  DNA provides the ability to program length 
and recognition using complementary oligonucleotide sequences. Nature more often 
leverages the versatility of proteins, however, where structure, assembly, and recognition 
are subtler to engineer. Herein, a protein was computationally designed to present 
multiple Zn2+ coordination sites and cooperatively self-associate to form an antiparallel 
helical homodimer.  Each subunit was unstructured in the absence of Zn2+ or when the 
cation was sequestered with a chelating agent. When bound to the surface of gold 
nanoparticles via cysteine, the protein provided a reversible molecular linkage between 
particles. Nanoparticle association and changes in interparticle separation were monitored 
by redshifts in the surface plasmon resonance (SPR) band and by transmission electron 
microscopy (TEM). Titrations with Zn2+ revealed sigmoidal transitions at submicromolar 
concentrations. The metal-ion concentration required to trigger association varied with 
the loading of the proteins on the nanoparticles, the solution ionic strength, and the cation 
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employed.  Specifying the number of helical (heptad) repeat units conferred control over 
protein length and nanoparticle separation. Two different length proteins were designed 
via extension of the helical structure. TEM and extinction measurements revealed 
distributions of nanoparticle separations consistent with the expected protein structures. 
 Nanoparticle association, interparticle separation, and SPR properties can be tuned using 
computationally designed proteins, where protein structure, folding, length, and response 
to molecular species such as Zn2+ can be engineered. 
 
Directed Reversible Linking of Gold Nanorods via a Computationally Designed, 
Metal-binding Peptide.  
A highly specific method to reversibly assemble gold nanorods (AuNRs) end-
functionalized with a de novo designed cation-binding peptide is presented. A peptide 
designed to specifically bind Zn2+ is end-grafted to yield peptide-functionalized AuNRs 
(PNRs). PNRs are assembled in solution by adding Zn2+ and disassembled by adding the 
chelater ethylenediaminetetraacid (EDTA). Assembly is found to only occur when Zn2+ is 
added and does not occur in the presence of the divalent metal ion Ca2+. Finally, the Zn2+ 
concentration dependence on the assembly is investigated, and the PNR extinction peak 
undergoes a sigmoidal red-shift from 760 nm to 976 nm with increasing Zn2+ 
concentration. Therefore, we have demonstrated a unique, reversible, PNR system that 
selectively responds to Zn2+ in solution. This work can potentially be further extended to 
control nanorod assembly and to detect other metal-ions or small molecules through 
precise, de novo design of peptides and nanorods. 
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2. Protein Relevant Electron Transfer Processes and Brief 




Electron Transport (ET) has been shown to play pivotal roles in many aspects of 
biology within the human body and many organisms.109-111 A fantastically complex 
electro-chemical system, the body contains multiple sub-systems which interact via a 
continuous sequence of reactions that must all remain in balance for proper function. The 
chief component of these intricate systems through which ET takes place are redox 
centers surrounded by proteins and water. Obtaining an understanding of the subtleties of 
ET in these systems is daunting due to their many layers of complexity and dynamic 
nature. Yet, progress has been made and the ET chains have been determined for several 
well known systems such as photosystem I and II, and mitochondrial respiration.112  
However, the specific mechanisms by which electrons are transported is not yet 
completely understood. 
 
Fundamental to understanding these mechanisms is the manner in which electrons 
'move' between component atoms. We can observe occurrences of ET and measure their 
rates, but do not yet have a model which is able to account for the great complexity found 
in real biological systems. As new experimental observations are made, new 




Electron transfer in its most basic sense is the transport of charge from one point 
to another through a potential barrier. The medium through which the charge must pass, 
as well as the distance it must travel, have great influence on the magnitude of the 
impedance presented by the potential barrier between an electron donor and electron 
acceptor. The strength of the ET potential to cross the barrier is affected by the difference 
in the redox potentials of the separated donor (D) and acceptor (A). 
 
In the highly simplified example of a capacitor, the separated charged plates are 
the donor and the acceptor. The level of charge build-up on the plates is the redox 
potential of the donor and acceptor. The material between the two plates is the medium 
through which the potential must pass. When the potential to cross the barrier, which is 
dependent on the redox potential disparity of the plates, becomes greater than the 
impedance of the potential barrier, there is a free transport of charge across the barrier. 
However, free transport over the potential barrier is not the only mechanism by which 
charge can be transferred from the donor to acceptor, and it is not this mechanism which 
is primarily observed in biological systems. Instead, a tunneling mechanism is observed. 
For example, in a capacitor with lower potential differences, where the system lacks the 
energy to cross over the potential barrier, there is a chance for electron density to instead 
cross (or ‘tunnel’) through the potential barrier. The probability of this occurring for a 
simple system can be represented in the following relationship which was independently 






In this equation, the transmission coefficient (k) represents the probability of flux 
through the potential barrier via quantum mechanical tunneling. The equation shows that 
k will decay exponentially with an increase in potential barrier width (r), or particle mass 
(m), or barrier height (ΔE). This equation helped to explain observed phenomena such as 
the tunneling of α-particles through otherwise impassable barriers, as well as predict 
long-range electron tunneling on the scale of 19Å through a 1eV potential barrier.115 
 
Of course Equation 1, shown above, defines only a very simplified system and 
does not precisely model ET in protein systems as the factors which affect biologically 
relevant ET processes are more subtle and complex. The evidence that ET processes in 
protein systems are carried out through quantum mechanical electron tunneling was 
discovered in 1966 when DeVault and Chance observed that the half-time of excitation 
by ruby laser of a cytochrome increased from 2µs at RT to 2ms at 100K, but did not 
continue to increase as the temperature was reduced to 4.5K.116 The retention of kinetics 
as the temperature was reduced from 100K to 4.5K could only be explained through a 
quantum mechanical mechanism, i.e. electron tunneling. 
 
From these observations, Chance proposed (prior to 1974) that the effect of 
potential barriers on the ET rate would be exponentially decaying with increased distance 
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and that, given approximately a 1eV potential barrier, a biological electron tunneling 
event could potentially take place over length scales as great as 70Å.117 Although this 
was later experimentally shown to be an overestimate of the tunneling length scales of a 
single-step ET, it was an impressive estimate given the data and computational resources 
available at that time. 
 
In 1982, Gray and others published distance dependent electron tunneling 
experiments on pentaammineruthenium(III)(his-33)-ferricytochrome c; a Ru-modified 
cytochrome c. This work showed an approximate 0°C to 37°C temperature independent 
rate of (2.0 ± 0.5)X101 s-1 for the 15Å intra-molecular electron transfer. Albeit a slow 
process, it was thought to be biologically relevant because the rate constant was similar to 
the turnover rate of a number of multi-site redox enzymes, such as cytochrome C oxidase, 
which had been found at the time.118, 119 While these insights only offered information for 
a single redox center combination and length scale, the results were in line with Chance’s 
earlier prediction. 
 
Over the next several years many other systems were tested, and progress was 
made in understanding the factors which affected ET in proteins. The prevailing 
theoretical model at the time was based on Marcus Theory and primarily centered on the 
now well known semi-classical equation for ET. (Shown later as Equation 4) To better 




The main components of this equation are: kET, the average rate of ET; HDA, the 
electronic coupling matrix element; and FC, the Frank Condon factor. In understanding 
this equation, it is perhaps best to start with the theory from which the HDA is taken. This 
is most aptly summed up in the many dimensional potential surface diagram shown in 
Figure 1.109  
 
Figure 1. Profile of many-dimensional potential surface of reactants plus surrounding 
medium (R) and that of products plus medium (P). Dotted lines indicate splitting due to 
electronic interaction of reactants. A and C denote nuclear coordinates for an equilibrium 
configuration of reactants and for products, respectively; B denotes nuclear configuration 
at the intersection of the two potential-energy surfaces. 
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This depicts the energy profile of the nuclear vibrations of the product state (P) 
and reactant state (R) of a potential ET process. The parabolic upward trend results from 
the vibrational stretching of the chemical bonds, and the atoms behaving as harmonic 
oscillators as described by Hooke’s law. The area of overlap between the two curves, 
indicated by the dotted curves in Figure 1, is the set of nuclear coordinates for which 
coupling of the electronic orbitals is maximized. The ET process is limited to this region 
because of several factors. For the x-axis, the Frank Condon principle dictates that the ET 
transfer process will occur on a significantly more rapid time scale than that of nuclear 
motion. Consequently, the ET event will have fixed x-axis nuclear coordinates and be a 
“vertical” transition. Similarly, the ET event must also occur for coordinates fixed on the 
y-axis because of the conservation of potential energy. Only the region where the curves 
intersect fulfills these requirements and it is this region from which HDA is determined. 
Combining the above concepts means that the HDA represents the relative magnitude of 
the interaction of the reactant and product states for the specific nuclear configuration of 
the transition state, and is roughly equivalent to half of the separation indicated by the 
dotted curves in Figure 1.115 
 
Based on our understanding of HDA, as presented above, we can now conclude 
that kET in Equation 2 is the average transition rate for electron transfer per oscillation of 
the system through the region of the intersecting potential surfaces which describes HDA. 
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The last remaining component of Equation 2 is the Frank Condon factor (FC), 
which is a Boltzmann weighted sum of the products of overlap integrals of the product’s 
and reactant’s solvational and vibrational wave functions. When this is treated quantum 
mechanically with respect to the inner-sphere atomic coordinates such that they behave as 
harmonic oscillators, and are treated classically with respect to the outer-sphere motion in 
terms of free energy of solvent reorganization, the FC term of Equation 2 may be 




In Equation 3,  is the vibrational overlap factor for the reactant quantum 
numbers  and the product and solvent quantum numbers ; and  is the 
equilibrium probability summed over all  and  for finding the system in the quantum 
number  vibrational state. Also,  is the difference in the vibrational energy of 
the products with quantum numbers  and the reactants with quantum numbers . 
Finally, is the outer-sphere reorganization energy, and   is the driving force for 




If the term  of Equation 2 is instead derived using a semi-classical treatment 
of the solvent reorganization energy contribution so that it is included in the total 
reorganization energy term , where  is the summation of the inner-sphere ( ) and 
outer-sphere ( ) reorganization energies, then introduction of a harmonic oscillation 
term for the solvent atomic coordinates is avoided.120, 121 Typically, the derivation is 
further reduced by taking the high temperature limit. This is justified in classical terms 
because the product of Planck’s constant and the effective outer-sphere frequency of 
nuclear motion remain far less than the product of temperature and Boltzman’s constant 
for all but very low temperatures.122 The resulting reduced equation is the well known 




The insights garnered from Equation 4 form the foundation of many newer 
models that have allowed us to obtain a better understanding of ET processes. Indeed, for 
an ET over a set distance and a given well defined reorganization energy ( ), driving 
force ( ), and electronic coupling (HDA), Equation 4 is quite apt at expressing the 
rates of a single step ET within a system. These parameters, however, are very 
challenging to define with any certainty. In fact, because the effects of each of these 
parameters on the overall ET rate are unique to a system, the relative importance of each 
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parameter can vary from one system to another. The reason for this is not yet fully 
understood, but is likely related to the multiple mechanisms by which ET may occur. For 
example: single step tunneling may occur via different paths and through different 
material from donor to acceptor; hopping mechanisms are becoming more apparent in 
long range ET; and transient structural conformations of protein and solvent are being 
shown to play important roles as well.123-125  Moreover, combinations of these 
mechanisms can create further complexity. Consequently, this makes it challenging to 
evaluate individual components without considering the interdependence resulting from 
system specific features including the distance between the D and A, the environment 
around the D and A, the orientation of the D with respect to the A , the driving force for 
the ET, and the structural reorganization of the environment upon ET. Nevertheless, 
progress is being made in understanding the roles and effects of these components by 
identifying model systems, studying their ET properties, and using the resulting insights 
to determine which factors are important to different types of ET mechanisms. 
 
               Two well known model systems which provided increased understanding are 
Ru modified azurin and cytochrome c proteins. In these and similar systems, a photo-
initiated redox-active metal complex (typically containing Ru) is bound to a specific 
position of a natural protein containing a redox partner such that the distance between D 
and A, and the protein medium between D and A are approximately known.117 The ET 
rates of these systems are typically obtained through laser flash quench methods.126 The 
great variability of the ET rates for different systems with very similar D/A distances, as 
well as other examples of systems with very similar ET rates and D/A distances differing 
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by as much as 5Å,  brought into sharp focus the importance of the tunneling bridge 
structure upon the resultant ET rates.127 
 
The following are examples of models which consider expansions to the semi-
classical ET theory discussed in Equation 4, and examples of ET in protein systems 
which give indications of some of the parameters which contribute to more complex ET 
processes. 
 
2.2 Path Dependent Models 
 
McConnell developed a model for superexchange mediated (single-step) 
tunneling  between a D and A bridged by a number of identical segments.128 From this, 
Beratan and Onuchic developed a generalized form of the McConnell superexchange 
model.117, 129, 130 This generalized model accounts for the effect of protein structural 
complexity on the overall rate of ET. This model takes into account the tunneling bridge 
structure by incorporating the pathway dependence of electrons tunneling between the 
donor and acceptor through various mediums. More specifically, it considers tunneling 
through mediums such as covalent bonds, hydrogen bonds, and through-space jumps. In 
this way, multiple ET paths from D to A can be considered in an attempt to better 
understand the ET from the D to A in a redox protein complex. Their model revises the 
general semi-classical equation by no longer assuming a homogeneous barrier between 




As previously discussed, there is an exponential decay with increasing distances, 
but the distance decay rate is strongly affected by the specific transport medium.128  
Equation 4 considers the transport of an electron through a single medium, or rather the 
averaging of decay through the varying structural components that comprise the path 
between the donor and acceptor. Thus, the semi-classical ET equation does not take into 
account the complex nature of the medium between the donor and acceptor. 
 
Part of the difficulty in understanding ET stems from incomplete knowledge 
regarding potential barriers and medium complexity between a donor and acceptor.129 
The more complex Beratan and Onuchic model attempts to account for the 
inhomoganaeity of a protein medium along the ET path between a donor and acceptor.117 
It performs this action by breaking down a complex barrier into definable parts (covalent 
bond, H-bond, through-space) and combines the relative decay data, then extrapolates 
potential ET paths, and finally makes an estimate of likely ET pathways through a protein 
barrier and corresponding rates of the ET through these extrapolated pathways.117 
 
2.3 Dynamic Medium and Electronic Coupling 
 
Previous theory has thought of water as having an exponential decay constant of 
1.6 to 1.7Å-1. Comparing this to the exponential decay constant in protein, approximately 
1.0 to 1.2 Å-1,111 suggests that water would be a poor ET mediator due to the large 
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disorder which causes extensive through-space links in the potential tunneling 
pathways.131 However, it has been found that using a single exponential decay for water 
fails to accurately model ET over short distances. In situations where water occupies a 
space which is sterically constrained, the water can adopt structure conformations 
yielding stronger coupling pathways and smaller exponential decay constants than would 
be expected for ET through a bulk water medium.123 Indeed, this was experimentally 
observed by Winkler and Gray in their work with ET in protein crystals. In their analysis, 
they found that intermolecular ET between two proteins in the lattice mediated by three 
ordered water molecules had ET rates nearly as rapid as those for unimolecular ET over 
similar donor-acceptor distances.132 Also, in a study of covalently cross-linked azurin 
complexes, Canters et al found that water dimers between azurin complexes enhanced the 
ET rates rather than diminishing them.133 In addition, the pathway analytic model by 
Onuchic and Beratan, discussed earlier, even showed that water molecules mediated the 
most likely paths between the photosynthetic reaction center and the cytochrome c2 
shuttle.134 
 
By 2005, Beratan et al developed a model for this phenomenon which showed 
three distinct distance dependent tunneling mechanisms through water.123 For distances 
between approximately 7-9 Å, the decay constant closely matched the intramolecular ET 
rate. Between 9-12 Å, approximately, there is rate of decay weaker than expected for 
bulk water due to solvent ordering that provided strongly coupled tunneling pathways. 
Over distances of 12 Å, the decay rate behaved as expected for bulk water. The various 
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ET rates through water clearly demonstrate the impact of the varying structure of a 
medium upon the electronic coupling and how this can subsequently alter the decay rate 
through the medium and the overall rate of ET. 
 
2.4 Multi-Step Electron Transfer 
 
When donors and acceptors are separated by distances greater than ~25Å, multi-
step ET is more predominantly observed. 117, 126, 135 In such cases, coupled tunneling 
reactions using intermediate donors and acceptors are employed to yield ET rates which 
are typically several orders of magnitude faster than the single step mechanism over the 
same distance.115, 136, 137 This allows the long-range ET observed in many biological 
systems to be achieved on the mili/microsecond timescales typically required for the 
biological redox machinery.111 These multi-step ET mechanisms between distant donors 
and acceptors are often termed ‘hopping’ mechanisms. 
 
What has been found, thus far, is that the positioning of the start, end, and 
intermediate redox centers are important determinants of the hopping mechanism.112 The 
hopping mechanism is also very sensitive to the redox potentials as well as the reaction 
driving forces.112 In addition, although it is now generally accepted that redox 
intermediates are a key feature of ET in which hopping is observed, it is not always 
immediately clear if an ET proceeds through a single-step or multi-step mechanism. The 
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controversy of the primary charge-separation events in the photosynthetic reaction center 
is a good example of this difficulty.138 
 
There are now numerous examples of natural systems where redox active amino 
acid residues such as tryptophan and tyrosine act as redox intermediates in hopping ET. 
For instance, tryptophan acting as a redox intermediate has been shown to accelerate long 
range ET in ReI modified Pseudomonas aerufinosa axurin complexes by approximately 
two orders of magnitude more than documented single step ET rates for the same 
distance.139 More impressive, it has been shown that hopping plays a critical role in the 
ET of Class I Ribonucleotide Reductase systems (RNRs), where one tryptophan and three 
tyrosine residues are conserved across forty different RNR sequences and are thought to 
mediate the ET between the cysteine donor of the α2 subunit and a tyrosyl radical 
acceptor in the β2 subunit
140, wherein the distance between the D and A is thought to be 
approximately 35Å.141 Single-step ET theory would predict this process to occur on a 
timescale ranging between hours and years.127 However, the ET must occur more quickly 
than the ~200ms turnover rate for the system.142 This significant rate enhancement is 




There is still much to learn about the role of redox active intermediates in ET 
processes, however, the study of natural systems is offering much insight into the types of 
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possible intermediates which can participate, as well as the relative distances and protein 
structural conformations and solvent environment involved. Harry Gray, when referring 
to  the less significant data obtained by some of his research group’s studies of Ru 
modified ferricytochrome C ET systems, commented as follows, “Perhaps the most 
significant aspect of this type of intramolecular fixed-site experiment is that as more data 
are gathered it will provide a means of critically assessing the factors that control the 
rates of biological electron-transfer processes.”118 In other words, even data not 
immediately useful for solving the next step of ET is important to future critical 
assessment of ET control factors. As is the case for all mechanisms of ET, increasing 
numbers of well characterized examples can yield improved models and advance our 
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Anisotropic protein interiors are often described by an effective, uniform static 
dielectric constant (εs) of 2-15.
143-146 Though it does not explicitly address solvation and 
intermolecular interactions in atomistic detail, the notion of an effective continuum 
dielectric is a powerful, useful concept.  The magnitude of εs influences critically 
biological electron-transfer (ET) reactions.147, 148 Through its effect on the pKa of buried 
amino-acid residues, εs also impacts proton-coupled ET and proton-transfer processes.
143, 
149-151 Theoretical and experimental studies of ET in proteins typically assume εs does not 
change as a result of the ET event.115, 152, 153 In this report, we provide direct evidence for 
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a change in the protein εs following ET that occurs within a de novo designed protein 
matrix.  
 
To interrogate dynamical changes in the magnitude of protein εs upon 
photoinduced charge separation, we utilize a donor-bridge-acceptor (DBA) molecule,154 
with ET dynamics displaying marked sensitivity to: (i) solvent εs; (ii) axial metal 
coordination; and (iii) deuteration of water (kinetic isotope effect). We calibrated these 
effects for the DBA molecule (5,15-diphenyl-10-(4'-[N-yl-(N'-(11-hydroxy-3,6,9-
trioxoundecyl)-naphthalene-1,4,5,8-tetracarboxylate diimide)]phenyl-porphinato)zinc(II) 
(PZn-Ph-NDI, Figure 1C) in a variety of organic solvents, and computationally designed 
a tetra-α-helical protein SCPZnI3 to bind PZn-Ph-NDI in its interior. (Figure 1A, 1B) 
 
3.2 Computational Protein Design 
 
3.2.1 Single-Chain Protein Backbone Geometry  
 
The scaffold used to generate a single-chain protein was generated as previously 
described.53-55 Briefly, a tetrameric poly-alanine helical bundle with ideal bond lengths, 
angles, dihedral angles, and 3.5 residues per turn was constructed (see Figure 1A). The 
axial metal coordination position was created using a histidine residue that was 
constrained to adopt a distance and side chain orientation consistent with Zn 
coordination. A hydrogen bond with threonine was constrained to stabilize the histidine 
orientation (see Figure 1B). Exploiting the D2-symmetry of the bundle, four parameters 
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were optimized by a Monte Carlo simulated annealing protocol, i.e., bundle radius, offset 
displacement between the antiparallel helix pairs, rotational phase of the helix, and 
squareness of the bundle.155 The interactions involved in the optimization are helix-helix 
van der Waals interactions,156 helix-cofactor van der Waals interactions, and the hydrogen 
bond involving histidine and threonine residues. A single, low-energy helical tertiary 
structure was identified.  
 
To create a single chain protein, known loop structures from a protein database 
with reduced redundancy (PDB Select) were considered.157 The criterion used to 
discriminate among possible candidates was the root mean square difference (rmsd) 
involving Cα atoms of the helices termini and the loops termini (helix-loop-helix). 
Suitable loops having at least five Cα positions overlapping at the loop-helix interfaces 
were considered. The selected connecting loop for helices 1-2 and 3-4 was from the 
structure with PDB accession code 1QQF, chain A, residues 1238-1253 (rmsd = 0.35 Å). 
For the case of the loop connecting helices 2-3, the selected loop was from 1EA3, chain 
A, residues 130-143 (rmsd = 0.56 Å).  Connecting points for the helices and loops were 
identified by visual inspection, and points with the highest overlap between the backbone 
atoms were selected. Steepest descent optimization using CHARMM was used to relax 






Figure 1. Design of a single-chain four-helix bundle protein for the specific binding of the 
PZn-Ph-NDI cofactor. a) The single-chain four-helix structure with the residues (His, Thr) 
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involved in the metal binding site colored in orange. b) Top view of the protein with the residues 
involved in the metal binding site highlighted in orange: H45 and T8. c) Structure of the cofactor 
Porphinato-Zn(II)-ph-naphthalenediimide, PZn-Ph-NDI. d) Sequences of the template and the 
computationally designed structures. The helical regions are indicated by the gray rectangles. e) 
Depiction of the designed structure highlighting the heptad positions, helical segments (black 
circles), and loop segments (gray circles). Residue numbers are shown at the end of the segments. 
Bold circles represent positions 10, 20, … , 100. 
 
 
3.2.2 Sequence Design  
 
 In order to provide the axial coordination site for the PZn unit of the PZn-Ph-NDI 
cofactor, the identity of positions 45 and 8 were fixed to His and Thr, respectively (H45, 
T8, see Figure 1). The residue identities of the remaining 106 positions in the peptide 
were determined with the aid of a computational design algorithm that identifies the 
probabilities of amino acids at variable positions as previously described.160  For the first 
design calculation, the identities of 17 amino acids were allowed. Cysteine, proline and 
histidine residues were excluded in the helical segments to avoid oxidation issues, helix 
disruption and alternative coordination sites for the cofactor, respectively. In positions 32, 
33, 87 and 88 (loops), proline residues were also allowed because the identities of these 
positions in the template loops were proline.  At most, 10 side chain conformational states 




As in previous work, the specification of sequence proceeded via an iterative 
series of sequence calculations where more of the sequence is specified with each 
iteration.  After a first sequence calculation, the identities of 14 positions were fixed at 
sites where one amino acid was highly favored: the probability of the amino acid 
exceeded 0.5 and the second most probable amino acid was less than half the probability 
of the most probable.  This produced the specified following residues: L2, G9, A16, I19, 
M38, V42, A49, E57, G64, I67, I74, G18, M93, and L103. Additionally, positions from 
the longer loop that connects helix 2 and 3 were fixed to the identities of the template 
loop structure, which were among the probable amino acids at each site: Y50, N51, R52, 
Q53, E54, A55, A56, T58 and E59.  
 
A second calculation was performed and the residue identity of 37 additional 
positions were identified from the most probable amino acids at each site: L5, E11, I12, 
I15, R20, I22, K25, G26, D27, D28, L34, E37, R46, Y50, N51, R52, Q53, E54, A55, 
A56, T58, E59, I60, E66, I70, A71, R75, K80, G81, D82, K83, L89, E92, V97, R101, and 
G108.  The identities of remaining undetermined positions were restricted based upon 
location and amino acid properties. Positions 4, 7, 17, 33, 40, 43, 47, 62, 69, 72, 86, 88, 
95 and 98 (mostly at position c and f in the helical heptad repeat) were restricted to 
nonionizable amino acids (AFGILMNQSTVWY). Positions (mostly at position d and a 
in the heptad repeat) were limited to hydrophobic residues (hydrophobic: AFILMV). Due 
to the possible formation of salt bridges identified in previous calculations, positions 10, 
32, 65 and 91 were restricted to acidic residues (DE) while positions 18, 44, 73 and 99 
36 
 
were restricted to basic residues (KR). The identities of other loop positions were fixed: 
D29, S30, D82, D84 and S85. A glycine residue was selected as the helix-capping residue 
at position 108.   
 
A third calculation identified amino acids at 46 additional positions subject to 
these constraints: E1, E3, K4, R6, Q7, E10, Q14, Q17, K18, E21, L23, D24, D29, S30, 
L31, E32, Q33, E36, Q40, L41, Q43, R44, Q47, L48, Q62, E65, Q69, Q72, K73, E76, 
D79, D84, S85, E87, Q88, M90, E91, Q95, L96, Q98, K99, L100, E102, E105 and K107.    
 
In a fourth sequence calculation, positions 13, 32, 68, 94 and 104 were 
constrained to hydrophobic residues. Positions 77 and 78 are located in the vicinity of the 
polyethylene glycol (PEG) tail of the cofactor, so at this stage these positions were 
restricted to noncharged residues. This calculation identified L13, M35, M39, M61, L68, 
A86, M94, F104 and K106. I77 and L78 were selected in the vicinity of the PEG tail of 
the cofactor.  
 
3.3 Experimental Methods 
 
3.3.1 Source of Gene and Gene Expression 
 
The gene was purchased from GenScript and was cloned into a kanamycin 
resistant pET-28a vector using the Nde I restriction site. The pET-28a vector motif 
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contains an IPTG-inducible T7 promoter, a six consecutive histidine residue tag (6His-
Tag), and a thrombin cleavage recognition site between the 6His-Tag and the protein 
sequence. The initial sequence was mutated at two positions, Y50W and F104Y, 
suggested from the calculations, in an effort to enhance the UV extinction coefficient at 
280 nm. Finally, the vector was mutated a third time to remove the His from the Nde I 
restriction site, resulting in a protein sequence with only a single His residue and position 
for the PZn-Ph-NDI cofactor to bind.  The three mutations, were performed using 
Integrated DNA Technologies primers and an Agilent QuikChange Site Directed 
Mutagenesis kit. This recombinant DNA was transformed into BL21(DE3) Escherichia 
coli expression cells, and the protein was overexpressed and pelleted by centrifugation.  
 
3.3.2. Protein Purification 
 
 Cell pellets were lysed for 30 minutes in a combination of 5mL/g pellet of 
Novagen BugBuster Master Mix, 5µL/g pellet of 100mM PMSF, and 100µL/g pellet of 
CalBioChem Protease Inhibitor Cocktail Set VII. Post centrifugation, the supernatant 
crude was filtered (0.22μm) and injected on a HisPrep FF 16/10 Ni affinity column using 
(20mM imidazole, 20mM Tris, 150mM NaCl, pH 7.5) as the mobile phase and (500mM 
imidazole, 20mM Tris, 150mM NaCl, pH 7.5) as the elution phase to separate the protein 
with the 6His-Tag. The neat mobile phase was run upon injection in order to capture the 
protein and wash out unbound sample. After five column volumes, the elution phase was 




 The semi-purified protein was buffer exchanged to 20mM Tris, 2.5mM CaCl2, 
150mM NaCl, pH 7.5 using a HiPrep 26/10 desalting column. The protein was 
concentrated using an Amicon 10kMWCO spin concentrator to a concentration of 
5mg/mL as determined by UV-Vis absorption spectroscopy (ε280=6970). The 6His-Tag 
was cleaved from the protein using 0.5μg thrombin protease per 1mg protein for 16 hours 
at 20°C static incubation. At the end of 16 hours, CalBioChem Protease Inhibitor 
Cocktail Set VII was added to halt the cleavage.  
 
The cleaved protein was buffer exchanged to 20mM Tris, 2.5mM CaCl2, pH 7.5 
using a HiPrep 26/10 desalting column. The cleaved protein was injected on a Mono Q 
5/50 GL ion exchange column using 20mM Tris, 2.5mM CaCl2, pH 7.5 mobile phase and 
1M NaCl, 20mM Tris, 2.5mM CaCl2, pH 7.5 elution phase. Two column volumes after 
complete injection, elution phase was increased from 0% to 75% over twenty column 
volumes. The cleaved protein eluted as a sharp peak at 42% elution phase.  Purified 
protein was buffer exchanged to 50mM sodium phosphate, 150mM NaCl, pH 7.5 using a 
HiPrep 26/10 desalting column for cofactor binding and spectroscopy measurements.  
SDS-PAGE was run on fractions at various points of the purification to confirm purity. 






3.3.3 Protein/Cofactor Complex Preparation 
 
Two equivalents of the PZn-Ph-NDI cofactor (Figure 1C) were added from a 
1mM DMSO stock solution to protein in 50mM sodium phosphate, 150 mM NaCl, pH 
7.5 buffer with added 0.2% TritonX-100.  TritonX-100 was found to retard the 
aggregation of PZn-Ph-NDI in aqueous solution. After each addition, samples were 
immediately vortexed one minute.  The samples were then heated at 50˚C for one hour in 
a water bath, and left undisturbed at 20 °C overnight. Samples were centrifuged for 30 
minutes at 16,100 rcf and 20 °C, and supernatant was washed with CalBioSorb, a 
proprietary surfactant removal media. The samples were then filtered (0.22µm) and 
Amicon 10k MWCO spin concentrated.  Volumes (2 mL) were injected on a HiPrep 
Sephacryl S200 gel filtration column using 50mM sodium phosphate, 150 mM NaCl, pH 
7.5 mobile phase at 1.3 mL/min to further purify the sample from any remaining 
surfactant and aggregate cofactor too small to be caught by filtration. (Figure 2) All peaks 
were collected and further analyzed by analytical gel filtration to determine oligomeric 
state. UV-Vis analysis of the isolated monomer and dimer fractions revealed an 






Figure 2: Sephacryl S200 gel filtration step of the PZn-Ph-NDI binding process.  Holo-monomer 
and dimer peaks were collected separately for analytical gel filtration. 
 
3.3.4 Spectroscopy: Electronic Absorption and Circular Dichroism 
 
 Spectroscopy was performed on samples in 50 mM sodium phosphate, 150mM 
NaCl, pH 7.5 buffer while spectroscopy on unbound PZn-Ph-NDI was performed in neat 
DMSO due to aqueous insolubility.  Protein concentration, as well as shifts in PZn-Ph-
NDI Soret and Q-bands, was monitored at room temperature using a Cary 100 Bio UV-




 Circular Dichroism (CD) measurements were performed using an AVIV Circular 
Dichroism Spectrometer Model 410. Isothermal wavelength scans were collected at       
20 °C. For CD Tmelt scans, the molar ellipticity at 222 nm was monitored while the 
temperature was changed incrementally over the range of 1° C to 94 °C, and then after a 
5 minute hold back to 1°C. The temperature change increment was 2 °C with a heating 
rate of 1 °C/min and equilibration for 2 minutes at each step.  
 
Quartz cuvettes having 0.1 cm path length were used for CD measurements and 





FPLC was performed using a GE Healthcare AKTA FPLC System.  Apo and holo 
forms of protein were analyzed by analytical gel filtration using a Superdex75 10/300 GL 
column. Injections were 100μL using 50mM sodium phosphate, 150mM NaCl, pH 7.5 
mobile phase flowing at 0.75 mL/min. Apparent molecular weights were calculated from 
the retention volumes of calibration standards; ribonuclease A, 13,700 g/mol; carbonic 
anhydrase, 29,000 g/mol; and conalbumin, 75,000 g/mol. Blue dextran was used to 





3.3.6 Lowry Assay 
 
The UV-Vis absorbance profile of PZn-Ph-NDI has several broad absorbance 
features which overlap with the absorbance of tryptophan(ε280), as well as regions used 
for common colorimetric assays [Bradford(ε595), BCA(ε562), Biuret(ε540), o-
phthalaldehyde (340nm Excite, 455 nm Emit)].  The 700 nm absorbance of the Lowry 
assay does not overlap with any of the absorbance bands of PZn-Ph-NDI.  Thus, for 
experiments requiring holo protein concentration, a Lowry assay was performed using a 
Micro Lowry Kit with Peterson’s Modification purchased from Sigma-Aldrich. When 
comparing concentrations of apo and holo protein sample, the Lowry assay was used for 
both the apo and holo samples. 
 
3.3.7 Ultrafast Pump-Probe Spectroscopy Experiments  
 
Ultrafast transient absorption spectra were obtained using standard pump-probe 
methods.161 Optical pulses (≥ 120 fs) centered at 775 nm, were generated using a 
Ti:Sapphire laser (Clark-MXR, CPA-2001, Dexter, MI, USA), which consisted of a 
regenerative amplifier seeded by a mode-locked fiber oscillator. The output of the 
regenerative amplifier was split to feed an optical parametric amplifier (Light Conversion 
Ltd., TOPAS-C, Vilnius, Lithuania), which generates excitation pulses tunable in 
wavelength from the UV through the NIR region. The pump beam was chopped at half 
the laser repetition rate (~500 Hz). A fraction (<5%) of the output from the regenerative 
amplifier was passed through an optical delay line, and focused onto a 2 mm c-cut 
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sapphire plate to generate a white light continuum, which was used as the probe beam. 
The polarization and attenuation of the pump and probe beams were controlled by half-
wave plate and Rochon prism polarizer pairs. The polarization was set to the magic angle 
(54.7°) for these experiments. The pump beam was focused into the sample cell with an f 
= 20 cm lens, while the probe beam was focused with a concave mirror. The spot size 
diameter was 0.2−0.3 mm. The beam diameter was determined using the razor-blade 
method. The excitation pump power was measured using a power meter (Coherent, 
LabMax Top with PS19 head). After passing through the sample, the probe light was 
adjusted using a neutral density filter to avoid saturating the detector, and focused onto 
the entrance slit of a computer-controlled image spectrometer (Acton Research 
Corporation, SpectraPro-150, Trenton, NJ, USA). A CCD array detector (1024 x 128 
elements, Roper Scientific, Trenton, NJ, USA), interfaced to the spectrometer, recorded 
the spectrum of the probe light from the UV (~370 nm) to the NIR (~1100 nm), providing 
spectral resolution better than 0.5 nm. Pairs of consecutive spectra were measured with 
(Ion(λ)) and (Ioff(λ)) to determine the difference spectrum, ΔA = log(Ioff(λ)) / (Ion(λ)). 
All these experiments utilized a custom-built 2 mm-path-length fused-silica sample cell; 
all transient optical studies were carried out at 20 ± 1 °C in HPLC grade solvents received 
from Sigma-Aldrich. All transient spectra reported represent averages obtained over 3-5 
scans, with each scan consisting of ~100-200 data points, with each point an average of 
3000 frames. In these experiments, the delay line utilizes a computer-controlled delay 
stage. Delay times up to 4 ns were achieved using a Compumotor-6000 (Parker). The 
baseline noise level in these transient absorption experiments corresponded to ~ 0.2 mOD 
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per second of signal accumulation. The time resolution is probe wavelength dependent; in 
these experiments, the FWHM of the instrument response function (IRF) varied between 
140–200 fs (e.g., at 680 nm, the IRF was 150 ± 6 fs). Following all pump-probe transient 
absorption experiments, electronic absorption spectra verified that the samples were 
robust. 
 
3.4 Characterization of apo and holo Proteins 
 
3.4.1 Validation of Monomer and Dimer Oligomerization State Equilibrium 
  
 Both holo and apo forms were found to exist in an equilibrium of monomeric and 
dimeric states. During cofactor loading (See protein/cofactor complex preparation 
section), holo monomer and dimer peaks of the prep-scale Sephacryl S200 gel filtration 
were collected separately and analyzed by analytical gel filtration (Figure 3). Both the 
collected dimer and monomer peaks showed re-equilibration. The apo and holo protein 
forms eluted in two species, first at ~10.7 mL and second at ~12.5 mL, yielding apparent 
molecular weights of ~30 kDa and ~17 kDa respectively. These roughly correspond to the 






Figure 3: Superdex75 analytical gel filtration. Top) Apo protein. Middle) Collected holo 
monomer from HiPrep Sephacryl S200 column. Bottom) Collected holo dimer from HiPrep 










3.3.2 Circular Dichroism Experiments 
 
Circular dichroism wavelength scans of the apo and holo forms show strong 
alpha-helical characteristic peaks at 208 nm and 222 nm consistent with the 4-helix 
bundle design of the protein. The CD of the holo form is shown in Figure 4A. There was 
negligible difference in the apo and holo 260nm – 200nm CD wavelength scans 
indicatinve of minimal secondary structure change upon uptake of PZn-Ph-NDI. 
 
 The ratio of 222 nm/208 nm circular dichroism is often indicative of helical twist, 
where a ratio of 0.83 is found for straight helices162 and the ratio shifts towards 1 as a 
helix bends or multiple helices twist into a bundle.163 Both the apo and holo forms have a 
222 nm/208 nm ratio of ~0.95 in good agreement with the intended 4-helix bundle 
design. 
 
 Figure 4B shows the CD mean residue ellipticity of the Soret band region for the 
cofactor bound protein. The optical rotation data centered around the Soret band max 
absorbance are highly characteristic of the Cotton Effect. This data is consistent with the 





Figure 4: Circular dichroism mean residue ellipticities of SCPZnI3 holoprotein. (A) Holo 
protein secondary structure region with molar ellipticity per residue consistent with a helical 
structure. (B) Molar ellipticity (Cotton effect) in visible region indicates achiral cofactor resides 
in a structured, chiral environment. The Cotton effect feature overlaps with the visible absorption 
of the PZn-Ph-NDI Soret band.   
  
CD melting temperature scans performed on the apo protein show a minimal 
gradual change in the 222 nm signal over the 1˚C-94˚C temperature scale, consistent with 






Figure 5: Mean residue ellipticity at 222 nm as a function of temperature for the apo protein in 
50mM sodium phosphate, 150 mM NaCl, pH7.5  Solid circles: Increasing temperature.  Open 
circles: decreasing temperature. 
 
3.4.3 Electronic Absorption Data 
 
 PZn-Ph-NDI is fully insoluble in the aqueous buffers used herein, as shown by the 
UV-Vis spectra (Figure 6). UV-Vis spectra also show that the protein is able to solubilize 
PZn-Ph-NDI, consistent with incorporation of PZn-Ph-NDI into the designed interior of 
the protein.  PZn-Ph-NDI bound in the designed protein has a Soret band maximum of 
427nm and the Q-band maximum of 561nm. Relative to the absorption maxima in 
DMSO, the electronic absorption spectrum of PZn-Ph-NDI displays a 5 nm redshift in the 
Soret band and an 8nm redshift in the Q-band in the SCPZnI3 protein. These shifts are 






Figure 6: UV-Vis spectra of PZn-Ph-NDI in 50mM phosphate buffer, 150mM NaCl, pH 7.5 







3.4.4 Fluorescence Spectra 
 
 Fluorescence spectra for PZn-Ph-NDI in neat DMSO and in protein samples were 
measured after excitation at the Soret band maxima. (Figure 7) The double-peak 
fluorescence is characteristic of the PZn moiety of the PZn-Ph-NDI cofactor and is 
present for both samples. This indicates two things. Firstly, the protein stabilizes the 
cofactor in aqueous solution. Secondly, the cofactor exists in both protein and organic 
solutions in monomeric form, as the stacking or aggregation of PZn and PZn-Ph-NDI 
results in self-quenching and absence of fluorescence emission. This second point also 
supports the notion that the cofactor is sequestered in the bundle interior because surface 
exposed cofactor in an aqueous environment would likely couple to other cofactor 
molecules and self-quench. 
 
 There are fluorescence redshifts consistent with the binding of a fifth ligand to the 
Zn porphyrin.166 Also indicative of binding is the large shift in intensity ratio of the 
606nm/661nm peaks for cofactor in protein as compared to the ratio of the 600nm/651nm 
peaks for unbound cofactor in DMSO. PZn-Ph-NDI is a 5,10,15-triphenyl Zn porphyrin 
with an added electron deficient naphthaldiimide group on the 10-phenyl position. For 
the very similar 5,10,15-triphenyl Zn porphyrin, Apanasovich et al showed that the ratios 
of the peak maxima are less than one for the non-axially ligated system and that the peak 
ratio increases to greater than one upon axial ligation of pyridine.166 This same trend is 
observed in our fluorescence data and is consistent with PZn-Ph-NDI transitioning from 
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4-coordinent geometry in DMSO to 5-coordinent geometry when in the presence of 
protein. The great sensitivity of fluorescence to local environment, the presence of 
fluorescence, the fluorescence redshift, and the fluorescence peak ratio change, together 
strongly suggest uptake of PZn-Ph-NDI cofactor within the protein bundle via His 
ligation.  Consistent with the insolubility of PZn-Ph-NDI in aqueous solutions, there was 
no observed fluorescence signal for PZn-Ph-NDI alone prepared in the same buffer 
conditions as used for the holo protein. 
 
  
Figure 7: Fluorescence of PZn-Ph-NDI cofactor in Protein and in DMSO. Fluorescence scans 
of PZn-Ph-NDI in neat DMSO (blue), and in protein with 50mM phosphate buffer, 150mM NaCl, 




3.4.5 Pump Probe Measurements 
 
PZn-Ph-NDI exhibits signature photoinduced ET dynamics following preparation 
of the PZn-localized S1 excited state, 
1(PZn)*-Ph-NDI (Figure 1C). In the low εs solvent 
system 99:1 1,4-dioxane:N-methylimidazole (NMI), 1(PZn)*-Ph-NDI evolves to the 
charge-separated state +•PZn-Ph-NDI•− with a charge separation (CS) time of τCS = 12 ps. 
Charge recombination (CR) to the ground state is comparatively slow: τCR = 102 ps. (See 
Appendix 1 for CS/CR rates of PZn-Ph-NDI in various solvents.) The ET dynamics are 
tracked by the rise and subsequent decay of sharp spectral features centered at 480 and 
610 nm, characteristic of the NDI•− radical anion.167 Species-associated difference spectra 
(Figure 8B), derived from a global fitting of the multi-wavelength transient absorption 
data to a sequential kinetic mechanism, also show clear signatures of the NDI•− anion (red 







Figure 8. Pump-probe transient dynamics of PZn-Ph-NDI in 99:1 1,4-dioxane:N-
methylimidazole. (A) Transient dynamical data at various pump-probe time delays, which are 
labeled on the right. Each spectrum is offset by 15 mOD for clarity. (B) Species-associated 
difference spectra (sans laser scatter at 560±5 nm) with associated ET time constants. 





Figure 9 displays the CS and CR time constants of PZn-Ph-NDI measured in 
organic solvents with 1% NMI. CR dynamics (red) depend strongly on εs, with τCR 
decreasing monotonically from 102 ps to 4 ps.  CS dynamics (blue) show a τCS minimum 
near εs = 9.  Indeed, the observed trends for τCS and τCR are in agreement with those 
expected from the Marcus activated factor of ET rate theory147, 168 (Figure 9, inset), using 
parameters appropriate for PZn-Ph-NDI (see Appendix 2, Table A2-1). While the ET 
dynamics of PZn-Ph-NDI displayed in Figure 9 approach the low ps time regime in some 
solvents, all time constants are well above solvent relaxation times, such that ET is not 
limited by dynamic solvent effects.169, 170  
 
NMI coordination to the PZn moiety accelerates CS and CR relative to dynamics 
evinced in neat solvents (Figure 9, purple, and Figure 10), resulting from the more 
negative oxidation potential of PZn when bound to the electron donating imidazole 
ligand.171 ET kinetics measured in solvents with 1% NMI provide a reference for 
comparison to kinetics measured within the protein environment of SCPZnI3, where PZn 
is coordinated by histidine. Accounting for axial coordination effects allows us to isolate 






Figure 9. ET time constants τCS and τCR of PZn-Ph-NDI with coordinated NMI as a function 
of solvent static dielectric constant (εs). All solvents include 1% N-methylimidazole (NMI). εs 
is a volume-fraction weighted sum of component εs values. Shaded line widths indicate 
confidence intervals of the fitted time constants (bounded at 16% and 84% percentiles of the 
bootstrapped lifetime distributions). For the SCPZnI3 holo-monomer, τCR is denoted with a green 
X. Green vertical lines mark the range of dielectric constants consistent with the measured value 
of τCS in the SCPZnI3 holo-monomer. Purple arrows display an exemplary reduction of ET time 
constant magnitudes that occur upon NMI coordination, shown explicitly for anisole solvent. 
Inset: expected dielectric dependence of τCS (blue) and τCR (red) according to ET rate theory (see 
Appendix 2). DMM = dimethoxymethane, THF = tetrahydrofuran, 2-MeTHF = 2-methylTHF, 






Figure 10. Electron-transfer time constants of PZn-Ph-NDI in neat organic solvents as a 
function of solvent dielectric.  Shaded line widths indicate confidence intervals of the fitted time 
constants (bounded at 16% and 84% percentiles of the bootstrapped lifetime distributions).  Note 
the breaks and changes in (linear) scaling of both axes.  DMM = dimethoxymethane, THF = 
tetrahydrofuran, 2-MeTHF = 2-methylTHF, DCM = dichloromethane, PhCN = benzonitrile, 
DMF = N,N-dimethylformamide, DMSO = dimethylsulfoxide. 
 
The τCS of PZn-Ph-NDI exhibits a kinetic isotope effect (KIE) in 9:1 1,4-
dioxane:H(D)2O mixtures (Figure 11). The KIE = τCS(D2O) / τCS(H2O) decreases from 
1.4 to 1.2 upon NMI coordination to PZn. Interestingly, although τCR decreases with 
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increasing water content, consistent with the dielectric dependence in Figure 9, τCR does 
not display a KIE (see Appendix 3, Table A3-1, Figures A3-1 – A3-5). These 
observations suggest that CS is more tightly coupled than CR to water H-bond 
interactions with the imide carbonyls.172, 173 The τCS KIE is an experimental probe of 




Figure 11. Distributions of CS time constant τCS displayed by PZn-Ph-NDI within various 
solvation environments. Distributions are derived from bootstrapping the residuals of the global 
fit of the pump-probe data (see Appendix 3). Measurements in 1,4-dioxane contain 10% H2O or 
D2O. Measurements with SCPZnI3 were carried out in 50 mM NaPi / 150 mM NaCl buffer with 
100% H2O or D2O. Confidence intervals in gray display 16% and 84% percentiles of the 
bootstrapped lifetime distributions. The optimum time constant is shown as the middle, vertical 




To explore ET dynamics in a protein environment, the tetra-α-helical protein 
SCPZnI3 was computationally de novo designed53-55, 103, 160 to bind PZn-Ph-NDI in an 
interior consisting of hydrophobic amino acids. Electronic absorption, fluorescence and 
circular dichroism spectra of the complex in aqueous buffer confirm 1:1 binding of PZn-
Ph-NDI to the interior of a helical protein and verify histidine coordination of the PZn 
moiety (Figure 1A and 1B, Figures 4, 6, and 7).  Thus the electronic environment of PZn-
Ph-NDI is consistent with that of a protein interior. 
 
The ET dynamics of PZn-Ph-NDI within the protein interior was monitored 
following electronic excitation of the PZn-Ph-NDI / SCPZnI3 complex in D2O buffer and 
analyzed via decay-associated difference spectra derived from global fitting of the multi-
wavelength transient data (Figure 12). The CR dynamics of PZn-Ph-NDI in SCPZnI3 are 
bi-exponential: we assign the dominant CR time τCR = 22 ps to the SCPZnI3 holo-dimer, 
and the CR time τCR = 69 ps to the SCPZnI3 holo-monomer, as their respective 
amplitudes track with the approximate 2:1 dimer:monomer ratio determined from gel 
filtration. Indeed, the ratio of the CR time-constant amplitudes for monomer and dimer 
(1:2 monomer:dimer, Figure 12B) are consistent with the ratio of monomer to dimer as 
derived from gel filtration.  To our knowledge, few studies have utilized and benefitted 
from pump-probe-derived amplitude ratios as an independent measure of protein 
oligomerization state.  It is important to underscore that contributions to the ET kinetics 
from protein aggregates would result in non-exponential excited-state dynamics, which 
were not observed in the pump-probe experiments reported here.  Non-exponential 
dynamics are expected for ill-defined ensembles that span a continuous range of 
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conformations, e.g. in a molten globule protein. For this computationally designed 
protein, gel filtration shows a monomer/dimer equilibrium, where each oligomer gives a 
unique mono-exponential CR time constant (Figure 12B), indicative of a well-defined 
state. CS occurs in monomer and dimer with the same time constant τCS = 7.5 ps. 
 
The overlapping distributions of τCS for SCPZnI3 / H(D)2O buffer (Figure 11) do 
not exhibit a KIE, indicating the lack of a significant role played by water in the CS 
event. On the basis of this observation, we conclude that PZn-Ph-NDI is sequestered 
from solvent within a well-packed protein interior in both the dimer and monomer.  
 
By comparison with Figure 9, each ET time constant exhibited by PZn-Ph-NDI 
can be mapped to an effective εs. In the SCPZnI3 holo-monomer, CS and CR time 
constants (τCS = 7.5 ps, τCR = 69 ps) cannot be uniquely mapped to a single effective εs 
that jointly recovers both time constants. Two distinct εs values are needed (Figure 9, 
green). Accounting for the relative errors in the measured time constants, as well as the 
non-monotonic nature of the CS dependence on solvent dielectric, the range of the 
effective εs that describes CS (τCS = 7.5 ps) is 8.3 to 13.4. We take εS
(CS) = 8.3 as a lower 
limit. The effective εs describing CR is well defined (εS
(CR) = 3.0 ± 0.1). Indeed, CS 
resembles that in 99:1 THF:NMI (εs ≈ 8), whereas CR resembles that in 99:1 dimethoxy-
methane:NMI (εs ≈ 3). Importantly, these assignments do not depend on any underlying 
model: they result from mapping dynamical data acquired for the SCPZnI3 holoprotein 
onto an extensive body of analogous data obtained for PZn-Ph-NDI in widely varying 
dielectric environments. While a protein interior is not a uniform dielectric material, these 
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εs values reflect the effective dielectric probed by PZn-Ph-NDI buried in the SCPZnI3 
interior, both pre- and post-charge separation. 
 
Figure 12. Pump-probe transient dynamics of PZn-Ph-NDI / SCPZnI3 complex in D2O 
buffer. (A) Transient dynamical data at pump-probe time delays labeled on the right. Each 
spectrum is offset by 10 mOD for clarity. (B) Decay-associated difference spectra (sans laser 
scatter at 560±5 nm) with associated τCR and τCS. D and M superscripts refer to dimer and 
monomer, respectively. Experimental conditions: λex = 560 nm, Pex = 920 nJ / pulse, T = 21°C, 






Presented is the successful computational design of a 4-helix bundle protein, 
SCPZnI3. This protein was shown to bind the non-biological cofactor PZn-Ph-NDI, and 
the rates of ET processes were determined. The results reveal insights into the dynamical 
nature of the local protein dielectric constant of the protein interior.  
 
Several techniques were used to validate the consistency of the design with the 
experimental protein-cofactor complex. 
 
The secondary structure was evaluated by circular dichroism measurements. 
These indicated an alpha helical structure with helical twist commensurate with the 
designed 4-helix bundle. The protein was found to be highly thermo-stable at 
temperatures in excess of 90˚C. Binding of PZn-Ph-NDI showed negligible change in 
secondary structure. This was unsurprising due to the high thermo-stability of the protein. 
 
UV-Vis measurements showed a redshift in the Soret and Q-bands upon binding 
of the PZn-Ph-NDI cofactor. This shift is indicative of axial ligation and is in agreement 
with the designed binding site. A shift in ratio of the characteristic double peak 
fluorescence of the PZn-Ph-NDI cofactor is also strongly indicative of axial ligation. 
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Several complementary measurements support the presence of single copies of the 
cofactor encapsulated in the protein bundle core. Observed changes in optical rotary 
dispersion centered on the cofactor Soret band are strongly indicative of the cofactor 
existing in a chiral environment like that provided by the protein interior. In addition, the 
presence of fluorescence signal also supports that the bound copies of cofactor are 
monomeric, as aggregated cofactor was shown to self-quench. Finally, kinetic isotope 
effect measurements indicated the presence of a water solvation shell around the protein 
bound cofactor was unlikely. 
 
This construct was used to interrogate dynamical changes in protein dielectric 
upon photoinduced charge separation of a donor-bridge-acceptor (D-Br-A) cofactor that 
exhibits marked sensitivity to solvent dielectric. 
 
Proteins are dynamical in nature. A biochemical event often triggers protein 
structural rearrangements or perturbs the distribution of structural fluctuations. Such 
perturbations could alter the dielectric environment of a protein interior. The reported 
data provides direct evidence for a change in the protein dielectric following ET that 
occurs within the protein matrix. (Summarized in Figure 13) Specifically, a shift in 
protein dielectric from εs
 (CS) ≈ 8.3 to εs (CR) ≈ 3 during the ET event. The CS and CR 
events were found to occur on time scales < 100 ps. How can the protein achieve such 
changes in dielectric on these fast ET time scales? These results may suggest a 
rigidification of the protein sidechains upon formation of the +•PZn-Ph-NDI•− CS state. 
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Interestingly, the reduction in εs after the ET event suggests little solvational contribution 
to the CS state from polar water, despite the protein’s small size, and contrary to 
commonly accepted views.144 The dielectric constant is a key parameter affecting CS and 
CR rates in biological proteins. A εs switching mechanism may warrant a reexamination 
of the energetic and electronic parameters derived from measurements of biological ET 
rates. Dielectric switching may provide a means to independently manipulate, forward 
and back, ET rates in natural catalytic proteins and artificial photosynthetic devices.  
Indeed, the ET time scales of PZn-Ph-NDI are similar to that of the primary ET in 
photosynthesis;174-176 a decrease in protein εS upon the primary CS event would further 
slow wasteful inverted-regime CR in the photosynthetic reaction center. 
 
 
Figure 13. Cartoon of protein dielectric shift during pump-probe transient dynamics of PZn-Ph-
NDI / SCPZnI3 complex  
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4. Controlling Association and Separation of Gold 
Nanoparticles with Computationally Designed Zinc-
Coordinating Proteins 
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M.J.E., C.M.M., C.J.L., S.J.P. and J.G.S. planned the project. 
 
4.1 Introduction  
 
 Nano-scale hybrid materials combine “hard” nanomaterials such as inorganic 
nanoparticles (NPs) and “soft” materials such as polymers. Potential applications include 
sensing177, imaging178, catalysis179, self-assembling materials180, drug-delivery181, and 
plasmonic devices182. These hybrid systems can incorporate polymers or biopolymers 
such as deoxyribonucleic acids (DNA) and proteins in combination with NPs. The key 
feature of the biological components of these systems is that they are programmable, 
where variation of the biopolymer subunits results in variation of structure and 
functionality. This functionality can be further tuned by choosing the size, shape, and 
composition of NPs to incorporate desirable optical, electronic, or magnetic 
properties.183-188 Programmability of DNA-functionalized NPs is straightforward, where 
base-pair complementarity allows hybridization of complementary DNA strands. It is 
also of interest to consider other biopolymers, particularly those having greater structural 
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and functional diversity such as proteins. However, the interactions of proteins are more 
subtle and challenging to design. Herein we discuss the tailoring of a protein biopolymer 
to achieve a hybrid-NP material whose assembly is triggered by the presence of Zn2+ 
ions.  
 
 In the past, gold nanoparticles (AuNPs) have been functionalized with small 
molecules, polymers, and biopolymers. Without proper surface passivation, 189-194  NPs 
undergo irreversible aggregation under most biologically relevant solution conditions.195 
While small molecules confer such surface passivation, they typically offer limited 
control over the assembly structures of NPs.196-198  Functionalizing NPs with 
biopolymers, particularly those having a degree of programmability, affords the 
capability to generate specific interactions. By engineering sequences of specific 
complementary base pair interactions, DNA has been used to mediate assembly of metal 
NPs into well-defined small clusters199, macroscopic aggregates200, layered structures201-
203, and three-dimensional superlattices204, 205. In conjunction with the variation of NP size 
and shape, more complex DNA mediated nanostructures can be achieved.206-208  
 
 Of specific interest has been the control of NP spacing and environmentally 
triggered reversible assembly.200, 209-211 DNA linkers can yield a broad range of 
interparticle separation distances.200, 209, 212 In DNA-NP systems, particle association can 
be reversed by elevating temperature, decreasing solution ionic strength, or adding 
competing DNA oligonucleotides that hybridize with those attached to the particles.213-215 
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The control over separation afforded by DNA has been used to study distance dependent 
phenomena such as energy transfer between noble metal nanoparticles and quantum 
dots216, 217 and leveraged in sensing DNA-binding proteins.218-225  
 
 Compared to DNA, proteins have a greater number of monomer types (amino 
acids) and are more versatile structurally and functionally. Moreover, proteins can be 
stable in a wide array of solvent conditions and can be tuned for stability in a chosen salt 
and pH environment. Work has proceeded in this area by combining NPs with well-
structured natural proteins to control the assembly of NPs226-232, develop sensors of metal 
ions233 and biological molecules234, 235, and modulate enzymatic and biological activity236, 
237.  
 
 Protein-NP systems can leverage the structures and functions of proteins to realize 
association of nanoparticles in one, two, and three dimensions.238-243 Proteins adhered to 
nanoparticles have been used to control NP assembly via association of their unfolded 
states.244, 245 Electrostatic interactions involving proteins and nanoparticles have also been 
used to control NP association.246, 247 Specific, selective interactions involving proteins 
attached to nanoparticles can confer nanoparticle association, e.g., using antigen-antibody 
pairs248, 249 and biotin-streptavidin systems.250 With protein functionalized nanoparticles, 
association can be controlled via variation of pH246, 251, 252, electrostatic interactions 247, 
and relative concentrations of peptides and nanoparticles.253 Protein-protein interactions 
offer great promise for tunable association of protein-NP systems. Dimeric coiled-coil 
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proteins have been used to mediate association of nanoparticles, and the dimerization can 
be reversed with variation of pH.254 Triggering association under conditions which do not 
involve variation of pH or temperature is relevant for a wide variety of applications, 
including biomolecular sensing. Use of a mediator that triggers protein association is one 
such approach. A ternary helical coiled-coil system has been developed, where particles 
are functionalized with two distinct peptides, and the addition of a third yields association 
which can be reversed via the use of denaturant.255 With a designed protein that forms a 
dimer in the presence of metal ions, nanoparticle association can be reversibly controlled 
via addition and sequestration of these metal ions.256-258 These previous efforts highlight 
the capabilities of proteins and peptides to mediate and control nanoparticle association.  
 
Generalizing this protein-NP approach, however, presents substantial challenges 
associated with designing proteins given their size, large number of possible sequences, 
and the subtle intermolecular interactions that confer folding and assembly.79, 259-262 
Consequently, current protein-NP hybrid systems commonly use structures and structural 
motifs found in natural proteins. When more precise control of structure and function is 
desired, such as tunability of length and association conditions, it is advantageous to 
design a protein system from scratch. In such cases, computational design affords the 
ability to go beyond natural systems and instead build, from the ground up, a unique 
protein programmed with the desired functionality.51, 56, 263-265 The effort herein involves 
the metalloprotein design, which has received substantial attention.79, 259-262, 266-270   
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An important next step is to develop NP-protein systems that integrate and extend 
current capabilities to allow (a) reversible control of the association of protein-
functionalized particles, (b) nanoparticle dispersion over a range of ionic strengths and 
buffer conditions, (c) programmable control of interparticle spacing, (d) assembly and 
disassembly at neutral pH and room temperature, and (e) use of metal ion mediators to 
elicit association at low (micromolar) concentrations. We present a protein-NP system 
that achieves these capabilities using a computationally designed helical dimer having 
multiple zinc-coordinating sites.  
 
  
4.2 Computational Protein Design 
 
4.2.1 Design of Protein Structure 
 
 The computational strategy consisted of designing a backbone which would 
support a targeted Zn2+ binding motif, followed by design of the remaining sequence to 
stabilize this structure. An ensemble of backbone structures was generated, where each 
structure consisted of a homodimer having two antiparallel alpha helices. We leveraged 
previous work in understanding such “coiled-coil” structures and each helix contained a 
seven-residue “heptad” repeat (abcdefg)n.
271-273 Helical protein structures were 
parameterized and created de novo using a small set of global geometric parameters.51, 56, 
274-277 Mathematically specified, dimeric D2 symmetric coiled-coil structures were 
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generated, where each structure comprised two antiparallel 35-residue alpha helices.  The 
geometric quantities varied to create the ensemble were: Po the superhelical pitch; r the 
radius of the dimeric bundle (the distance of the alpha helix center from the superhelical 
axis); φ1 the rotation (minor helical phase) of the individual alpha helices about their 
helical axis; and Zoff the offset of the helix termini.
51, 56 The ranges of values considered 
were selected based upon the distributions of these geometric parameters observed in 
known structures of dimeric coiled-coils: 120 Å < Po < 500 Å; 4.5 Å < Ro < 5.5 Å; 180° < 
φ1 < 230°; -1.00 Å < Zoff < 1.00 Å.
51, 56 The pitch Po was varied parametrically using the 
Fraser-McRae equation subject to the fixed heptad repeat.56, 278 This approach resulted in 
100,254 candidate dimer backbone structures. 
 
 From this ensemble, structures were selected that support inter-helical, bis-
histidine zinc-coordinating sites.279, 280 Each zinc-binding site is consistent with a 
tetrahedral coordination sphere, where two of the ligands are imidazole rings of two 
histidine residues.  For each structure in the ensemble, histidine residues were placed at 
the same heptad position on each of the opposing helices; for the geometric parameters 
selected here, this position corresponded to an a heptad position.  The structure’s 
remaining residues are glycine. Geometries of the histidine residues were taken from the 
CHARMM22 forcefield91, and the initial conformation was the most probable rotamer in 
a backbone-dependent rotamer library.67 One of the two histidines was modified to 
include a ligated Zn2+ ion positioned such that the Zn-Nε bond distance was 2.1 Å 
(Figure 1a). 281 (Nε corresponds to the ε or τ nitrogen within histidine.282 ) For each 
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candidate dimer backbone structure, a symmetric conjugate gradient minimization283 was 
performed over the histidine side-chain dihedral angles, χ1 and χ2, with side-chain bond 
lengths and angles held fixed. The objective function was comprised of a sum of terms 
involving (a) Lennard-Jones non-bonded interactions taken from the CHARMM22 force 
field that included a 12 Å cutoff and (b) harmonic bond and angle potentials with 
equilibrium values corresponding to 2.1 Å for the Zn-Nε bond length and 109.5° for the 
Nε-Zn-Nε’ angle. The coordinating site was solvent exposed, allowing for two solvent 
water molecules, which were not considered explicitly in the calculations, to ligate each 
zinc ion and complete the tetrahedral coordination. All structures in the ensemble were 
scored according to the objective function, effectively ranking their adherence to the 
targeted zinc-coordination geometry. Selected for further design of sequence were 822 
(~1%) of the dimer backbone structures having the lowest values of the objective 
function. 
 
For each remaining dimer structure, multiple binding sites were created by 
essentially “copying-and-pasting” the identified histidine geometries to the other a heptad 
positions of each helix (Figure 1b). The periodicity of the heptad repeat allows for the 
creation of dimeric structures having a prespecified number of zinc-coordinating sites. 
Initially, structures having five coordination sites were considered. Structures so 
generated were energy minimized before performing subsequent sequence design. The 
backbone Cα atoms and the histidine residues, including the zinc atoms were held fixed 
during the minimization. The remaining atoms were subjected to a short 100 step 
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implicit-solvent, conjugate-gradient minimization using NAMD284 and the full 
CHARMM22 potential.91 
 
Figure 1. Designing ZAD5. (A) Computationally identified Zn2+ coordination site for ZAD5 
with Zn2+ cation (magenta) and histidines (cyan, blue). The targeted Zn2+- Nε2 bond length was 
2.1 Å, and the targeted Nε2a-Zn2+-Nε2a’ bond angle was 109.5°. (B) To create the 5-site model, the 
identified configuration in (A) was positioned at four a-a’ heptad positions in the computationally 
generated coiled coil. (C) Five bis-histidine coordination sites of ZAD5 are rendered as space 
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filling (cyan). (D) As in (C) with interior hydrophobic core residues, valines, rendered (pink). (E) 
Salt bridging side chains (green). (F) Histidine coordination sites (cyan, magenta) and salt bridges 
(green) appear opposite one another. (G) Remaining residues (yellow). 
 
4.2.2 Sequence Design 
 
 To determine complete sequences, the probabilities of the amino acids were 
estimated computationally using a probabilistic approach.54, 81, 103, 261, 285 This statistical 
mechanical method self-consistently estimates the site-specific probabilities of the amino 
acids at all variable positions in the sequence subject to structural, energetic, and 
sequence constraints. An atomistic potential energy function was employed, and discrete 
side chain conformations were employed using a rotameric state approximation (a 
maximum of 81 rotamers were considered).67 No solvation or helical propensity 
constraints were used. From the calculated probabilities, the approach provides an 
average total internal energy over sequences consistent with a given structure and set of 
constraints. Herein, sequence constraints specified which amino acids were allowed at 
residues within the dimer structure. Separate sequence calculations were performed for 
each dimeric structure. The identified positions and conformations of the histidine 
residues were not allowed to vary. The remaining positions were constrained subject to 
their designations; at the interior position d only hydrophobic amino acids (GAVLIMFW) 
were permitted; at the interfacial position g, only ionizable amino acids (DEKR) were 
considered so as to confer stabilizing salt-bridge interactions; and at the remaining 
exterior positions b, c, e, and f, hydrophilic, nonionizable amino acids were allowed 





Figure 2. Helical wheel diagram and sequence of ZAD5.  Helical wheel diagram illustrating 
the interhelical interactions present in ZAD5.  Heptad positions (abcdefg) and sequence are also 
shown. Key to the design is the solvent accessible metal coordination complexes at the interfacial 
a-a’ positions. The sequence has a hydrophobic stripe provided by interdigitated valines at the d-
d’ positions.  The salt-bridges at the g-g’ interface are consistent with the antiparallel orientation. 





 The site-specific amino acid probabilities were determined through multiple 
iterations of probabilistic design, as described previously. 54, 55, 103, 160  After each 
iteration, the amino acid identities were fixed at those sites where the probability of the 
most likely amino acid was at least twice the next most probable. Three such iterations 
were performed in the design of sequence. For each structure, the complete sequence was 
identified as that comprising the most probable amino acid at each of the residue 
positions. A final calculation was used to calculate the average internal energy over the 
rotameric states of that sequence. Multiple low internal energy sequence-structure 
combinations were identified.  The lowest energy combination possessed a superhelical 
radius larger than observed in most natural dimeric coiled-coils, r = 5.2Å:  NQHYQ 
FQQEH QQVQQ EHQQV QQKHQ QLQQK HQQWQ.  This sequence was synthesized 
and observed to dimerize in the presence of Zn2+ by circular dichroism (Figure 3).  A 
separate low internal energy combination was observed for a structure having a smaller 
radius r = 4.6 Å.  A sequence consistent with this structure was confirmed by a second 
similar iterative sequence design calculation, wherein only GAVLI were permitted at 
interior d positions, which resulted in the sequence:  NEHYQ VQQEH QQVQQ 
KHQQV QQEHQ YVQQR HQQVQ.  This sequence was selected for further study.  In 
addition to the designed bis-His Zn2+ coordination sites, this sequence possessed 
complementary hydrophobic interactions among interior valine residues and salt-bridge 
interactions across the helix-helix interface (Figure 1c, 1d, 1e, 1f).  To create a construct 
suitable for attachment to AuNPs, a tri-glycine linker and cysteine residue were added to 
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the C-terminus, resulting in the following sequence:  NEHYQVQ QEHQQVQ 
QKHQQVQ QEHQYVQ QRHQQVQ GGGC.  This sequence and its dimeric structure 





Figure 3. Circular dichroism (CD) spectra of a designed His-coordinating protein.  Mean 
residue ellipticities of 40 µM Apo protein (Red) and 40 µM protein with 500 µM Zn2+ (Blue). 
This data is for the sequence NQHYQ FQQEH QQVQQ EHQQV QQKHQ QLQQK HQQWQ 
having a design radius of r = 5.2Å. A second sequence (ZAD5) having a smaller design radius of 





4.3 Experimental Methods 
 
4.3.1 Protein Synthesis and Purification 
 
 Designed amino-acid sequences were synthesized via solid phase synthesis on 
Rink-Amide resin (Novabiochem) at 100 micromole scale using a Liberty-1 microwave 
synthesizer. The N-termimus was acetylated using an acetic anhydride solution. Cleavage 
from resin and deprotection of side-chain protecting groups was achieved using a mixture 
consisting of 94% trifluoroacetic acid (TFA) (Sigma-Aldrich), 1% triisopropyl silane 
(TIPS) (Sigma-Aldrich), 2.5% H2O, and 2.5% 1,2-ethanedithiol (EDT) (Sigma-Aldrich). 
Two consecutive cleavage reactions were carried out for two hours at room temperature 
(25°C), each under nitrogen atmosphere. The reaction volumes were reduced by rotary 
evaporation until the solubility limit was reached. The crude product was precipitated 
from solution by dropwise addition into dry-ice cooled ether (-78.5°C) (Fisher). The 
crude product additions were kept under 5% of the total ether volume. The precipitated 
product was collected by centrifugation, dissolved in a 50/50 acetonitrile/water mixture 
(Acetonitrile, EMD), 0.22 μm PTFE filtered (EMD), and lyophilized. The resultant crude 
product was purified by reverse-phase high-performance liquid chromatography (HPLC) 
using a Waters preparatory-scale C-18 column and a linear gradient increasing at the rate 
of 0.5% per minute from buffer A (99.9% H2O, 0.1% TFA) to buffer B (89.9% 
acetonitrile, 10.0% H2O, 0.1% TFA). Purity was determined via analytical HPLC to be 
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>95%, and the molecular mass was determined via matrix assisted laser desorption 
ionization time of flight mass spectrometry (MALDI-TOF-MS). 
 
4.3.2 Au Nanoparticle Preparation 
 
 Spherical AuNPs were synthesized by the Turkevich method.286 All glassware was 
cleaned with aqua regia and rinsed with 18.2 MΩ⋅cm resistivity water before use.  A 250 
mL aqueous solution of 1 mM HAuCl4⦁3H2O was boiled in a 500 mL two-neck flask 
with stirring. To the solution was quickly injected 25 mL of a 38.8 mM sodium citrate 
solution, which induced a color change from light yellow to deep red within 2 minutes. 
The solution was then refluxed for 15 minutes and slowly cooled to room temperature. 
The NPs were filtered through a 0.45 µm nylon filter (Micron Separations Inc), 
centrifuged at 12,000 rpm for 30 minutes, decanted, and resuspended into water before 
use.  
 
The aggregation state of the particles is sensitive to solution ionic strength. 
Cations of different size and charge have different effectiveness at screening the negative 
charge of citrate resulting in irreversible aggregation of AuNPs.287-289 For example, 3 nM 
citrate capped AuNPs in 10 mM 3-(N-morpholino)propanesulfonic acid (MOPS) pH 7 
were found to irreversibly aggregate with the addition of 200 μM Zn2+ and Ca2+. Citrate 
capped AuNPs are typically stable in 10 mM Na+.289 As such, care was taken to select a 
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low ionic strength 10 mM MOPS pH 7 buffer (Sigma-Aldrich).  Both the protein and 
AuNPs were found to remain dispersed in this buffer. 
 
Citrate capped AuNPs in 10 mM MOPS pH 7 buffer were characterized with UV-
Vis spectroscopy. The analysis revealed the surface plasmon resonance (SPR) wavelength 
of maximum extinction (λmax) to be 520 nm, which is consistent with 13 nm AuNP 
diameter.290-292  
 
Small Angle X-Ray Scattering (SAXS) measurements were performed on the as 
prepared citrate capped Au nanoparticles to determine the AuNP size and polydispersity. 
The SAXS instrument is composed of a Bruker Nonius FR591 rotating-anode x-ray 
generator together with Osmic Max-Flux optics and pinhole collimation, as well as a 
Bruker Hi-Star multiwire detector. Data was collected for 30 nM citrate capped AuNPs in 
10 mM MOPS pH 7 buffer, and baseline scattering was collected for the neat buffer. The 
baseline scattering data Ib(q) was multiplied by a scalar factor chosen such that the slope 
of (I(q)-Ib(q))q
4 would equal zero over the range of 0.1 < q < 0.2 Å-1.293 Where I(q) is the 
scattering intensity, and q is the scattering vector. This scaled baseline scattering was 
subtracted from the citrate capped Au nanoparticle data set. DataSqueeze294 was then 
used to fit the resultant data set to an ellipsoid function. The subsequent fit parameters 
were radius = 67.4 Å and dispersion = 8.1 Å, when the aspect ratio was fixed to one. 




4.3.3 Protein/NP Complex Preparation 
 
 All ligand exchange reactions were performed in a 10 mM MOPS pH 7 buffer. 
Unless indicated otherwise, this buffer system was used for all solution-phase studies. 
Each mixing step was performed in a 1.5 mL centrifuge tube resting in a 50 mL conical 
vial, which was fixed to the tray of an incubator shaker rotating at 250 rpm and 25°C.  
 
 Ligand exchange reactions were performed in 1 mL volumes. In the first step, 
3.98 µM of protein was treated with a stoichiometric amount of pH 7 tris(2-
carboxyethyl)phosphine (TCEP) and mixed for 1 hour to ensure cysteine residues are 
present as the reduced (thiol) form. This was followed by addition of citrate capped NPs 
to achieve a 3 nM NP solution. The solution was then mixed for 16 hours. During this 
time, the thiol group of cysteine  displaces the weakly associated citrate ions and 
coordinates to the AuNP surface.295 The resultant protein ligated NPs were purified from 
the unbound protein in solution by three consecutive centrifugation steps consisting of 40 
minutes at 13,400 rcf. After each centrifugation step, 950 µL of supernatant was replaced 
with 10 mM MOPS pH 7 buffer, and the NPs were resuspended in buffer by vortexing. 
The UV-Vis spectrum of the supernatant from the final centrifugation step confirmed the 
absence of free protein. 
 
 Two protein loading variants were made. A higher loading variant prepared with a 
ligand exchange composition [Cysteine : NP : Protein] having the relative molar ratios [0 
: 1 : 1325]; the concentration of each species was [0 : 3 nM : 3.98 µM], respectively. A 
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lower loading variant was also created with ligand exchange composition of [2500 : 1 : 
1325] using the following concentrations of each species [7.5 µM : 3 nM : 3.98 µM]. 
Cysteine was treated with TCEP in the same manner as the protein. To achieve a lower 
loading, the NPs were first combined with cysteine and mixed for 16 hours prior to the 
addition of proteins.  
 
4.3.4 Determination of Protein Loadings on AuNPs 
 
 The amounts of proteins on nanoparticles (loadings) were determined by 
fluorescence measurements of protein, which was cleaved from the surface of AuNPs by 
the addition of 10 mM dithiothreitol (DTT) and mixing overnight at room temperature. 
During this time, the mono-thiol protein is replaced by the more strongly binding di-thiol 
DTT.296-298 The samples were then centrifuged at 12,000 rpm for 30 minutes thereby 
removing the DTT substituted AuNPs. The supernatant was concentrated using Amicon 
3,000 Nominal Molecular Weight Limit (NMWL) centrifugal concentrators (Millipore). 
The concentration of free protein in the concentrated supernatant was then determined by 
measuring tyrosine fluorescence. The protein contains a tyrosine residue that was excited 
at 275 nm. The collected emission spectra, with maxima at 305 nm, were compared 
against a calibration curve of known concentrations of the protein in the presence of 10 
mM DTT. Over time, DTT is oxidized, and oxidized DTT acts as a static quencher of 
tyrosine.299 (Figure 4) To avoid error, all surface loading samples and calibration curve 
samples were prepared and analyzed at the same time. In addition, the concentration of 
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DTT was more than 1000 times that of the AuNP, such that the effect of DTT binding to 





Figure 4. ZAD5 Fluorescence calibration curve for determining protein loading on AuNPs. 
Excitation Tyr at 275nm, Emission at 305nm. Error bars indicate plus/minus one standard 
deviation. (Green dots) Fluorescence calibration obtained using solutions of increasing ZAD5 
concentration with 10mM DTT. (Blue dot) Fluorescence of 5x concentrated supernatant of 10 
mM DTT cleaved 3nM ZAD5-AuNPs [(1.52/5) µM ZAD5 / 3 nM AuNP = ~ 100 Protein/AuNP]. 
(Red dot) Fluorescence of 10x concentrated supernatant of 10 mM DTT cleaved 3nM ZAD5-





4.3.5 Metal Ion Stock Solutions 
 
 Zn2+ stock solutions were prepared from ZnSO4⦁7H2O (Acros Organics) in 18.2 
MΩ⋅cm resistivity water. La3+ stock solutions were prepared from LaCl3⦁7H2O (Alfa 
Aesar) in 18.2 MΩ⋅cm resistivity water. Mn2+ stock solutions were prepared from 
MnSO4⦁H2O (Flinn Scientific) in 18.2 MΩ⋅cm resistivity water. EDTA Stock solutions 




 Protein and AuNP concentrations were measured in 1 cm path length quartz 
cuvettes (Starna) using a Cary 100 Bio UV-visible spectrophotometer in double beam 
mode. Shifts in AuNP SPR bands were monitored at room temperature using a TECAN 
Infinite M1000 PRO Plate Reader UV-visible spectrophotometer and Greiner bio-one 384 
well μClear non-binding microplates. Circular Dichroism (CD) measurements were 
performed in Starna 0.1 cm path length quartz cuvettes using an AVIV Circular 
Dichroism Spectrometer Model 410. Isothermal wavelength scans were collected at 
20°C. Unless indicated otherwise, error bars associated with λmax in titrations are 
plus/minus one standard deviation, where the standard deviation is calculated using 






4.3.7 Analytical Ultracentrifugation (AUC).  
 
Sedimentation equilibrium AUC was performed using a Beckman Optima XL-I 
centrifuge, An-60 Ti rotor, and cells with a six-channel centerpiece and quartz windows. 
Absorbance data (280 nm) was collected at 4 °C and 18,000 26,000 and 34,000 rpm. A 
total equilibration time of 24 hours was used for each speed. Buffer for all samples 
consisted of 25 mM MOPS, 25 mM NaCl, pH 7.4. Holo samples of 40 μM, 60 μM, and 
80 μM ZAD5-NoLinker protein each with 600 μM Zn2+ were analyzed. Partial specific 
volume of the protein (0.6951 cm3/g) as well as the solvent density (1.0012 g/cm3) were 
calculated from standard tables using the SEDNTERP program.300 Data analysis was 
performed by global analysis of the nine data sets (three concentrations at three different 
speeds) using SEDPHAT (version 12.1b).301 SEDPHAT’s Species Analysis and 
Monomer-Dimer Self-Association models were used for global fits, and SEDPHAT’s 
covariance matrix analysis was used to estimate error intervals.   
 
4.3.8 Transmission Electron Microscopy (TEM) 
 
 Samples to determine protein-mediated interparticle separations were prepared by 
adding 100 μM Zn2+ to 3 nM of protein-ligated AuNPs in a 500 μL centrifuge tube. The 
tube was flicked several times to mix and 10 μL of the solution was deposited on a TEM 
grid. The TEM grid was pre-positioned on an ozone cleaned piece of Si mounted to a 
spincoater. The sample was spun for 5 minutes at 2000 rpm. The sample preparation time 
between addition of Zn2+ and the start of the spincoater was approximately 25 seconds. 
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The TEM grid was held in place on the Si plate by the surface tension of water. TEM 
characterization was done on a JEOL 2100 TEM. 
 
4.4 Results and Discussion 
 
4.4.1 Characterization of the Protein 
 
 ZAD5-NoLinker was characterized in 20 mM MOPS 50 mM NaCl pH 7.8 buffer 
by circular dichroism (CD) (Figure 5A). In the absence of Zn2+, the mean residue 
ellipticity was consistent with that of a protein with little or no persistent secondary 
structure (random coil).  In the presence of four equivalents of Zn2+, minima in the mean 
residue ellipticity were observed at 208 and 222 nm, consistent with the formation of 
helical secondary structure.  
 
CD spectroscopy was also used to monitor helical structure upon the addition of a 
zinc-chelating agent. The titrations in Figure 5B are for sequential additions of Zn2+ up to 
four equivalents, followed by sequential additions of ethylenediaminetetraaceticacid 
(EDTA). Subsequent addition of EDTA decreases the magnitude of the mean residue 
ellipticity at 222 nm. The sequestration of Zn2+ coincides with the loss of alpha helical 
structure. These observations are consistent with the reversible formation/loss of helical 






Figure 5. CD Spectroscopy of ZAD5-NoLinker. (A) Circular dichroism spectra with mean 
residue ellipticity of 40 µM Apo ZAD5-NoLinker (red) and 40 µM protein with 400 µM Zn2+ 
(blue). (B)  Mean residue ellipticity of 40µM protein at 222 nm with increasing concentrations of 
Zn2+ (blue) and sequential additions EDTA (red). The number of equivalents Zn2+ is Neq = 
(2/5)([Zn]available/[Protein]), where [Zn]available = ([Zn]Total – [EDTA]).  All measurements were 
performed at 20˚C. 
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Sedimentation equilibrium AUC was performed on holo ZAD5-NoLinker samples 
consisting of 40 μM, 60 μM, and 80 μM protein with 600 μM Zn2+ to determine the 
molecular weight and thereby oligomerization state of the Zn2+ associated species. Buffer 
conditions were 25 mM MOPS, 25 mM NaCl, pH 7.4 and chosen to be similar to those 
used for CD measurements with slightly lower pH to allow greater Zn2+ solubility. Global 
fits using SEDPHAT's single Species Analysis model revealed a molecular weight of 
9378 ± 134 g/mol consistent with the calculated mass of 9,390 g/mol for the ZAD5-
NoLinker dimer bound with 5 copies of Zn2+. Additionally, SEDPHAT's Monomer-Dimer 
Self-Association model was applied to the holo samples, which revealed a monomer-
dimer equilibrium with an apparent association constant log10(Ka/M) = 6.07 ± 1.83 and a 
fitted monomer mass of 4701 ± 315 g/mol. Given protein concentrations ranging from 40 
μM to 60 μM, this association constant is consistent with the dimeric oligomerization 
state observed in the single Species Analysis fit. Furthermore, the fitted mass of the 
monomer (4701 ± 315 g/mol) is in agreement with half the mass of the calculated holo 
dimer (4695 g/mol). The data strongly support a Zn2+ activated equilibrium comprising 
only monomer and dimer (no appreciable populations of higher molecular weight 
species). The AUC data for the samples fitted with SEDPHAT’s Monomer-Dimer Self-




Figure 6. Monomer-Dimer Fit of Sedimentation equilibrium AUC Data for Holo ZAD5-
NoLinker.  Holo 40 μM, 60 μM, and 80 μM ZAD5-NoLinker with 600 μM Zn2+ in 25 μM 
MOPS 25 μM NaCl pH7.4. Scans taken at 4°C for three different rotor speeds. Orange Circles: 
18,000 rpm, Blue Squares: 26,000 rpm, and Green Triangles: 34,000 rpm. Black lines show a 
global fit of the data to SEDPHAT’s Monomer-Dimer Self-Association model. Fitting residuals 
are shown below each plot. The fitted equilibrium parameters were Log10(Ka) = 6.07 ± 1.83 and 
a monomeric species of 4,701 ± 315 g/mol. The fitted molecular weight of the monomer is in 
agreement with the theoretical mass of one-half that of the expected dimeric species consisting of 
two ZAD5-NoLinker monomers and five Zn2+ atoms [(2 * 4,531.77 g/mol)+(5 * 65.38 g/mol)] / 
2] = 4,695.22 g/mol.] 
 
 
4.4.2 Characterization of protein functionalized AuNP 
 
 ZAD5 ligated AuNPs were prepared with two different surface loadings as 
described in the Methods section. The loading of the protein on NPs was determined by 
dissociating the protein from the NP using dithiothreitol (DTT) and measuring the protein 
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concentration using fluorescence spectroscopy. The samples where ZAD5 was allowed to 
replace citrate directly, “ZAD5-AuNP”, were found to have a loading of approximately 
100 protein/AuNP or 0.18 protein/nm2. The samples where the AuNPs were first 
subjected to cysteine to partially block the surface, “ZAD5-AuNP-50”, were found to 
have a reduced loading of approximately 50 protein/AuNP or 0.09 protein/nm2. These 
AuNP surface loadings are similar to the 0.14 protein/nm2 at pH 7 reported for a 
disordered modified GCN4 construct having the same GGGC linker and 39-residue 
length as the ZAD5 construct.302 A trend of increasing redshift in the surface plasmon 
resonance (SPR) wavelength of maximum extinction λmax with increasing amount of 
protein on AuNP surface was observed: λmax(Citrate-AuNP) =  520 nm; λmax(ZAD5-
AuNP-50) = 525 nm; and λmax(ZAD5-AuNP) = 527 nm. These differences in SPR 
redshift are consistent with variation in refractive index at the AuNP surface due to the 
presence of bound protein.303-305 
 
 The aggregation and precipitation of citrate-ligated AuNPs are known to be 
sensitive to ionic strength.306 The ZAD5-AuNP solutions, however, were robust with 
respect to changes in salt concentration. Solutions containing 3 nM ZAD5-AuNP in 10 
mM MOPS at pH7 were exposed overnight to 500 mM NaCl, 50 mM CaCl2, and 50 mM 
MgCl2. For each of these three solutions, no change was observed in the SPR extinction 
for the ZAD5 functionalized particles. Under each of these same conditions, a 3 nM 
Citrate-AuNP solution showed complete loss of extinction due to NP aggregation and 
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precipitation. These observations also reveal that Ca2+ and Mg2+ cations do not trigger 
folding, association, and AuNP aggregation at 50 mM concentrations. 
 
4.4.3 Characterization of ZAD5-AuNP response to Zn2+ 
 
The protein is hypothesized to undergo a similar change in structure and 
dimerization state when in solution and when bound to the surface of an AuNP via a 
flexible GGGC linker. CD data for ZAD5-NoLinker in solution exhibits a structural 
transition from random-coil to alpha-helical conformation upon the addition of Zn2+. 
AUC data for ZAD5-NoLinker in solution are consistent with the formation of a dimeric 
species upon the addition of Zn2+. (See “Characterization of the Protein.” section.) 
ZAD5-AuNP would then be expected to associate upon addition of Zn2+ to activate the 
dimerization, which could be reversed upon sequestration of the metal ion with the 
addition of EDTA (Figure 7A). UV-Vis spectra may be used to monitor shifts in λmax 
(Figure 7B, 7C, 7D). These SPR redshifts are indicative of changes in the NP separation 
distance.255, 307, 308  Dispersed ZAD5-AuNPs have a maximum SPR extinction wavelength 
at λmax = 527 nm (Figure 7B green curve). Addition of Zn
2+ causes a redshift to λmax = 
556 nm (Figure 7B, blue curve). The redshift is indicative of a decrease in the separation 
between the NPs in solution. The broadening of the SPR extinction band is also observed, 
which is consistent with increased scattering of the incident light by large aggregates of 
nanoparticles. The trends in shift and broadening are well known to occur in aggregated 




Figure 7. ZAD5-AuNPs in Free and Aggregated states. (A) Descriptive scheme showing the 
reversible assembly of protein coated AuNPs induced by zinc ion and EDTA. (B) UV-Vis 
spectra: 3 nM Apo ZAD5-AuNP (green curve); assembled with addition of Zn2+ (ZnSO4), 3 nM 
ZAD5-AuNP and 400 µM Zn2+ (blue curve); and disassembled by stoichiometric addition of 
EDTA, 3 nM ZAD5-AuNP, 400 µM Zn2+ and 400 µM EDTA (red curve). Wavelengths of 
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maximum extinction max are indicated. (C) max of a 3 nM ZAD5-AuNP solution at different 
Zn2+ concentrations (blue) and after subsequent addition of a stoichiometric amounts of EDTA, 
[EDTA] = [Zn2+] (red). D) max of a 3nM ZAD5-AuNP solution upon multiple cycles of 
increasing “available” zinc concentration, [Zn2+]-[EDTA] = 2 µM (blue), followed by a 
stoichiometric addition of EDTA (red); at cycle 0, [EDTA] = 0. TEM of (E) Apo ZAD5-AuNP; 
(F) ZAD5-AuNP aggregates induced by addition of 100 µM Zn2+, and (G) ZAD5-AuNP 
disassembled by addition of a stoichiometric quantity (100 µM) of EDTA. Error bars in (C) and 
(D) indicate plus/minus one standard deviation. 
 
 The shift in λmax was resolved as a function of Zn
2+ concentration for 3 nM 
ZAD5-AuNP (Figure 7D). The λmax  exhibits a sharp sigmoidal transition with increasing 
metal-ion concentration, having a transition window midpoint near 400 nM Zn2+. The 
width of the transition window spans approximately 300 nM (250 nM – 550 nM). This 
switch-like behavior is attributed to the cooperativity between the multiple metal binding 
sites of the homodimer as well as cooperativity involving the formation of multiple 
homodimers across one or more adjacent NP interfaces. 
 
As a control, comparable Zn2+ titrations were performed using ZAD5-NoLinker 
and citrate capped AuNP solutions, and no shifts in λmax were observed (Figure 8). More 
specifically, ZAD5-AuNPs have a surface loading of approximately 100 ZAD5 per 
AuNP. Using this 100:1 ratio, control samples consisting of 300 nM ZAD5-NoLinker and 
3 nM citrate capped AuNPs was prepared to approximate 3nM ZAD5-AuNP with the 
absence of the thiol linkage to the AuNP. To each of these control samples, Zn2+ titrations 





Figure 8. Control Zn2+ titrations into ZAD5-NoLinker Citrate capped AuNP solutions. 
Control samples consisting of 300 nM ZAD5-NoLinker and 3 nM citrate capped AuNPs. 
Titrating 0 nM to 750 nM Zn2+ in 50 nM steps. Plus/minus one standard deviation error bars are 
shown, but less than the symbol sizes. 
 
 
 Zinc-aggregated samples of ZAD5-AuNP could be reversibly dispersed with 
stoichiometric additions of EDTA. This is marked in the UV/Vis spectrum by a return of 
λmax and the peak width to that observed prior to Zn
2+ addition. (Figure 7B red curve, and 
Figure 7D red points). The reversibility was tested over several cycles and monitored 
spectroscopically. The results shown in Figure 7C indicate that the system is capable of 
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multiple cycles of association and dispersion, with little variation in the λmax of the 
aggregated state and the EDTA released state for each cycle. The reversibility was also 
shown directly by transmission electron microscopy (TEM). Figure 7E presents a TEM 
sample with ZAD5-AuNPs in the absence of Zn2+ where the particles are freely 
dispersed. Figure 7F shows the aggregates observed after Zn2+ addition, and Figure 7G 
shows particles from a solution after a stiochometric addition of EDTA to return the 
ZAD5-AuNPs to their dispersed state. The reversible nature of the system confirms the 
AuNP aggregation is protein and metal-ion mediated.  
 
4.4.4 Characterization of ZAD5-AuNPs response to La3+ and Mn2+ 
 
 While ZAD5 was designed to coordinate Zn2+, it is of interest to consider the 
selectivity of the metal-mediated association of ZAD5-AuNP. As mentioned previously, 
for 3 nM ZAD5-AuNPs, association was not observed in the presence of 50 mM Ca2+ and 
Mg2+. La3+ and Mn2+ were also considered. La3+ was chosen because a previous study of 
designed protein used to functionalize AuNPs found that Zn2+ and La3+ had similar 
effects on the peptide’s secondary structure: use of La3+ resulted in approximately 90% of 
the helical signal (molar ellipticity at 222 nm) observed with Zn2+.310  Mn2+ was chosen 
because a review of metalloproteins revealed that Zn2+ and Mn2+ binding sites often 




 Titrations of La3+ and Mn2+ into 3 nM ZAD5-AuNPs revealed trends similar to 
those observed upon exposure to Zn2+. (1) The SPR λmax as functions of metal ion 
concentration were sigmoidal, exhibiting switch-like behavior. (2) The transitions were 
reversible by stoichiometric addition of EDTA. Notably different, however, were the 
larger metal ion concentrations required for ZAD5-AuNP association. Both metal ion 
concentration shifts were accompanied by decreasing sharpness of the sigmoidal 
transition and increases in the width of the transition windows. For 3 nM ZAD5-AuNP in 
10 mM MOPS pH 7 buffer, Zn2+ activation occurred at 0.5 μM Zn2+ and had a transition 
window of 0.3 μM (0.250 µM – 0.550 µM) (Figure 7D). La3+ activation was centered at 
13.5 μM La3+ and had a transition window of 1 μM (12.5 µM – 13.5 µM) (Figure 9B). 
Mn2+ activation occurred at 2000 μM Mn2+ and had a transition window of 1000 μM (900 
µM – 1900 µM) (Figure 9C). The concentration ranges of these metal activated transition 
windows are depicted on a logarithmic scale in Figure 9A, revealing order of magnitude 
separations in the concentrations sufficient for nanoparticle association as well as 




Figure 9. Association sensitivity to Zn2+, La2+, and Mn2+.  (A) Concentration ranges (transition 
windows) of different metal ions which induce assembly of 3 nM ZAD5-AuNPs. (B-C) λmax of a 
3 nM ZAD5-AuNP solution as a function of the concentration of La3+ (B) and Mn2+ (C).  λmax 
after addition of EDTA to achieve [La3+] = [EDTA] (B) and [Mn2+] = [EDTA] (C) are indicated 
in red. Dashed lines denote transition window associated with each metal ion in scheme (A) with 
the concentration ranges of assembly shown in (B-C). Data for Zn2+ appears in Fig. 3c. Error bars 
indicate plus/minus one standard deviation. 
 
 When considering Zn2+ compared to Mn2+, the observed binding trend agrees with 
the well-known Irving-Williams Series of relative stabilities of M2+ first-row transition 
metal ion complexes involving nitrogen-coordinating ligands.312 313 The ZAD5 metal 
binding site consists of inter-helical, bis-histidine residues positioned in a tetrahedral 
binding geometry. This is ideal for binding Zn2+, which readily accommodates tetrahedral 
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coordination environments. Conversely, in proteins, Mn2+ is primarily in octahedral 
geometries and only prefers tetrahedral coordination when fully saturated with negatively 
charged ligands.314  The designed ZAD5 binding site does not present the preferred Mn2+ 
ligand geometry,315 which is consistent with the observed selectivity for Zn2+ over Mn2+. 
La3+ is relatively insensitive to ligand geometry.316 This geometric consideration as well 
as the high oxidation state of La3+ may be responsible for the observed trend for the three 
metal ions. Further investigation is needed to understand the binding of Mn2+ and La3+. 
These observations reveal that these metal ions, expected to have little or no affinity for 
the putative bis-his coordination sites, can elicit ZAD5-AuNP association at sufficiently 
high concentrations.  
 
4.4.5 ZAD5-AuNP Zn2+ response in the presence of solution additives 
 
 As previously discussed, the designed protein includes three main sets of 
complementary interactions at the interhelical regions of the dimer: a hydrophobic valine 
zipper, salt-bridging interactions, and histidine-metal ion interactions. While the 
dimerization is metal-ion activated, the hydrophobic valine core and salt-bridging 
interactions also stabilize the alpha-helical dimer formation. As such, solution conditions 
which alter the strengths of these interactions should have an impact on the metal-ion 
concentration required to activate association of functionalized particles. Toward this end, 




The strength of salt-bridge interactions and the importance of their role in 
conferring structure within a protein are expected to decrease with increasing ionic 
strength.  Particle association was monitored at two different salt concentrations: (a) 10 
mM MOPS, pH 7 and (b) 10 mM MOPS, pH 7, and 153 mM NaCl. Condition (b) creates 
a saline pH 7 buffered environment often used with biological systems. The additional 
153 mM NaCl is expected to partially shield the positive and negative charges of the Arg, 
Lys, and Glu residues. In Figure 10, the blue trace reveals the association of ZAD5-
AuNPs in the higher ionic strength environment required more than 1 μM Zn2+. This is in 
contrast to only 0.5 μM Zn2+ when no NaCl is present. This is consistent with the 
destabilization of salt-bridging interactions at higher ionic strength conditions.  The 
increase in solution ionic strength did not affect the reversibility of the system. As shown 
in the red trace of Figure 10, the system is still fully reversible by stoichiometric 
additions of EDTA. UV-Vis control experiments of 3 nM citrate capped AuNPs with 300 
nM ZAD5-NoLinker in the presence of 153 mM NaCl resulted in irreversible AuNP 
aggregation. The ZAD5-NoLinker concentration corresponded to that of ZAD5 for 3nM 
ZAD5-AuNPs having a surface loading of approximately 100 protein/AuNP. This 






Figure 10. Zn2+ Titration of ZAD5–AuNPs in 153 mM NaCl. Wavelength of maximum 
extinction of a ZAD5-AuNP solution at increasing Zn2+ concentration.  [NaCl] = 0 M (blue circle; 
see also Figure 7D). [NaCl] = 153 mM (blue diamond); after addition of EDTA (red), [EDTA] = 
[Zn2+].  Error bars indicate plus/minus one standard deviation. 
 
A decrease in the strength of the hydrophobic (valine zipper) interaction between 
the helices was achieved with increasing percent volume (v%) of trifluoroethanol (TFE). 
TFE was chosen because it is well-tolerated by proteins in solution and does not 
adversely affect helix formation when up to 80 v% TFE is present in solution.317-319  In 
fact, TFE is well-known to enhance alpha helix formation of isolated non-associating 
single alpha-helices.319  Thus, this cosolvent increases the hydrophobic character of the 
buffer system without the added complication of destabilizing helices.  The Zn2+ 
dependent response of ZAD5-AuNP in 10 mM MOPS pH7 was examined at four 
different fractions of TFE:  0%, 20%, 40%, and 60% by volume. Increasing TFE content 
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is expected to decrease the strength of the hydrophobic (valine) interaction within the 
interior of the dimer.  Figure 11 shows an increase in the Zn2+ concentration required for 
dimerization as the v% of TFE in solution increases. This observation is consistent with 
ZAD5-AuNP association requiring a greater concentration of Zn2+ to compensate for 
destabilization of designed, complementary hydrophobic interactions within the helix 
dimer.  The increase in v% TFE did not affect the reversibility of the system with respect 
to addition and sequestration of Zn2+.  
 
Figure 11. Zn2+ Titrations in presence of TFE. Wavelength at maximum extinction of ZAD5-
AuNPs in solvent with different volume ratios of TFE upon addition of different concentrations 




4.4.6 Characterization of ZAD5-AuNP-50 response to Zn2+ 
 
The lower protein loading ZAD5-AuNP-50 sample with approximately 50 
protein/AuNP was also found to exhibit a reversible aggregation response in the presence 
of Zn2+. Figure 12 shows a comparison of the Zn2+ response of the ZAD5-AuNP (~100 
protein/AuNP) and ZAD5-AuNP-50 systems.  For the same concentration of 
functionalized NPs (3 nM), the ZAD5-AuNP-50 system with lower loading requires a 
greater Zn2+ concentration to activate association. In addition, the concentration range 
(width) of the transition window is increased for the lower loading sample. These 
changes are potentially due to a reduced local protein concentration at the ZAD5-AuNP-
50 surface resulting in fewer protein-mediated connections between the AuNPs. 
Nonetheless, both loadings still exhibit sigmoidal transitions indicative of cooperative 
binding interactions, similar redshifts in λmax, and complete reversal to their zinc-free 





Figure 12. Protein loading dependent Zn2+ sensitivity. Wavelength at maximum extinction of 
ZAD5-AuNP (diamonds) and ZAD5-AuNP-50 (triangles) solutions at different Zn2+ 
concentrations (blue). After addition of EDTA (red); [EDTA] = [Zn2+]. R is the estimated number 
of proteins per AuNP.  R = 100 protein/NP (diamonds). R = 50 protein/NP (triangles). Error bars 
indicate plus/minus one standard deviation. 
 
4.4.7 Characterization of ZAD7-AuNPs response to Zn2+  
 
The folded ZAD5 protein design is an anti-parallel homodimer, wherein each 
helix is built using a repeating heptad unit. The length of the dimer structure may be 
controlled via variation of the number of repeating heptad subsequences, each of which 
includes the histidine of the Zn2+ coordination site. In principle then, the separation 
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between AuNPs can be controlled by varying the length of the protein.  In an effort to 
explore this potential, a seven-heptad sequence (ZAD7) was synthesized:  NEHYQVQ 
QEHQQVQ QKHQQVQ QEHQQVQ QKHQQVQ QEHQYVQ QRHQQVQ GGGC.  
An additional two-heptad repeat unit (underlined) was inserted interior to the sequence in 
a manner that extended the pattern of bis-His coordination of Zn2+, valine zipper packing, 
and complementary salt bridge pairing.  (Figure 13) 
 
 
Figure 13. ZAD7 Protein. ZAD5 (Top) and ZAD7 (Bottom) proteins with heptad repeat units 
highlighted in red and blue. A 14-residue heptad subsequence (red) from ZAD5 is repeated and 
inserted (blue) to achieve ZAD7.  ZAD7 contains two additional Zn2+ coordination sites while 





Using the same protocols to create ZAD5-AuNP, ZAD7 was introduced onto 
AuNPs yielding protein functionalized particles, ZAD7-AuNP. Titrations ranging from 0 
nM to 750 nM Zn2+ in 50 nM increments were performed on solutions of 3 nM ZAD7-
AuNP in 10 mM MOPS pH7 buffer. This data is shown overlaid with Zn2+ titrations of 
ZAD5 in Figure 14.  
 
 
Figure 14. UV-Vis λmax vs. Zn2+ titration of ZAD5-AuNP and ZAD7-AuNP.  Wavelength of 
maximum extinction λmax for the Zn2+ titration of 3nM ZAD5-AuNP (blue) and 3nM ZAD7-
AuNP (red). The blue points are the average of three titrations with plus/minus one standard 
deviation error bars.  The red points are the average of two titrations with error bars showing the 
maximum and minimum. This titration shows that 600nM Zn2+ will saturate both the ZAD5-





These titrations confirmed that 600 nM Zn2+ saturated both the ZAD5-AuNP and 
ZAD7-AuNP systems. In addition, the titration curves (Figure 14) show that the 
transition midpoints are similar for two systems, likely indicating similar affinity for Zn2+ 
consistent with a similar surface loading. In the absence of Zn2+, the ZAD7-AuNP 
exhibits λmax = 527 nm, which is identical to that of ZAD5-AuNP.  This congruence is 
consistent with similar protein loadings for both the ZAD5-AuNP and ZAD7-AuNP 
systems on their NP surfaces. Upon exposure to 600 nM Zn2+, the ZAD7-AuNP SPR 
band exhibited a redshift to λmax(ZAD7-AuNP) = 544 nm; under similar conditions 
λmax(ZAD5-AuNP) = 556 nm (Figure 7D).  This 12 nm decrease in λmax of the Zn
2+ 
activated state is consistent with increased NP separation in the ZAD7-AuNP system.255, 
307, 308 As with ZAD5-AuNP, the zinc-associated ZAD7-AuNP system was found to 
reversibly dissociate with the addition of stoichiometric amounts of EDTA, returning to 
λmax(ZAD7-AuNP) = 527 nm. UV-Vis spectra of the apo and 600 nM Zn
2+ ZAD5-AuNP 
and ZAD7-AuNP systems are shown in Figure 15. 
 
For isolated NP pairs, shifts in λmax are known to be sensitive to the separation 
between the surfaces of NPs, and such shifts can be parameterized in terms of particle 
separation.308, 320, 321  One such formalization of this relationship is the “plasmon ruler.”321  
Using the particle diameter of D = 13.5 nm and the observed redshifts of Δλmax(ZAD5-
AuNP) = 29 nm and Δλmax(ZAD7-AuNP) = 17 nm, we use the plasmon ruler equation to 
estimate separations (S) between the surfaces of protein crosslinked AuNPs:  S = 3.7 nm 
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for ZAD5-AuNP and S = 5.3 nm for ZAD7-AuNP.  The plasmon ruler equation was 
developed from experimental data and theoretical considerations for nanosphere 
dimers321 and later nanosphere trimers.322  Nonetheless, these shifts in Δλmax yield 
dimensions which are commensurate with the expected lengths of the intervening ZAD5 
and ZAD7 helical proteins. It is important to note, however, that in general the plasmon 
ruler is best applied to isolated pairs of NPs, and though invoked for many particle 








Figure 15. UV-Vis spectra of Zn2+ saturated ZAD5-AuNP and ZAD7-AuNP. (A) Dotted lines 
show apo 3nM ZAD5-AuNP (dotted blue) and 3nM ZAD7-AuNP (dotted red) with characteristic 
extinction of free AuNPs in solution. Solid lines show extinction post addition of 600nM Zn2+ for 
holo ZAD5-AuNP (solid blue) and ZAD7-AuNP (solid red) with characteristic shift and 
broadening of extinction.  The inset is an enlargement near the peak maxima. (B) Table of 
wavelength values for maximum extinction for apo, holo, and after addition of 600nM EDTA to 







TEM measurements were made on aggregated samples of ZAD5-AuNP and 
ZAD7-AuNP (described in Methods section). Interparticle separations S were measured 
only from small aggregates. Representative TEM micrograph images of these small 
aggregates are shown in Figure 16A and 16B. The image processing was performed using 
ImageJ.326 Each AuNP was labeled with an index n, and the position of the centroid Rn 
was determined. The centroid-to-centroid separation for each AuNP pair (m,n) is | Rm – 
Rn |. The average Feret radius (rn) was determined individually for each particle using 
ImageJ. For a given pair of particles m and n, the interparticle separation distance (S) was 
determined as Smn = | Rm – Rn | - (rm + rn). Finally, only values of interparticle separation 
less than the average AuNP diameter (Smn < 13.5 nm) were used to identify nearest 
neighbors selected for the statistical analysis of pair separation distance. This yielded 216 
and 143 unique pairs for ZAD5-AuNP and ZAD7-AuNP, respectively. The average 
values are < S > = 2.8 ± 0.1 nm for ZAD5-AuNP and < S > = 4.3 ± 0.2 nm for ZAD7-
AuNP (uncertainties are two times the standard deviation of the mean). Although the 
average separations are distinct, a range of separations are observed for each system: the 
standard deviations are 0.8 nm and 1.1 nm for ZAD5-AuNP and ZAD7-AuNP, 




Figure 16. TEM studies of ZAD5-AuNP and ZAD7-AuNP. Histogram for interparticle 
separation S of (A) 216 (ZAD5-AuNP) and (B) 143 (ZAD7-AuNP) measurements obtained from 
TEM images of NP aggregates. Each centered bin of the histogram is 0.5 nm wide.  Renderings 
of ZAD5 and ZAD7 are on the same length scale as the histogram abscissa. To the right of each 
histogram are representative TEM images used for the interparticle separation distance (S) 
measurements. 
 
 The histograms in Figure 16 show the distributions of measured separation 
distances and incorporate renderings of ZAD5 and ZAD7 on the same length scale as the 
histograms. Importantly, no values of S are observed among nearest neighbor particles 
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that exceed the length of the model protein structures. The lengths of the model structures 
were measured as the distance between the C-termini of the dimeric structure, yielding 
5.3 nm and 7.3 nm for ZAD5 and ZAD7, respectively. In each case, the folded protein’s 
length coincides with the upper bound on the interparticle separation distance S. The 
maximum observed S is consistent with a single designed helical protein structure 
forming the linkage between adjacent AuNPs. The majority of S values are shorter than 
the length of the folded protein, presumably due to the flexibility of the GGGC linker, 
incomplete folding, or the formation of multiple homodimers across adjacent AuNP 
interfaces (Figure 17). As discussed previously, the step-like metal binding behavior 
(Figure 7D) is consistent with multiple connections between AuNPs. ZAD7-AuNP has a 
broader distribution of pair separations, as may be expected for the longer protein and the 
potential for multiple linkages between particles. Distributions of pair separations with 
features similar to those of Figure 16 have also been observed between pairs of DNA-
linked nanoparticles.327 Lastly, the separations observed for ZAD5-AuNP and ZAD7-
AuNP are consistent with the antiparallel orientation of the computational design since 
much smaller separations would be expected if a parallel dimer was formed. Although the 
TEM measurements necessarily involve dried samples, the TEM analyses along with the 






Figure 17. Effect of multiple protein linkages on particle separation. Adjacent nanoparticles 
can potentially be linked by one or more intervening proteins, leading to a range of pair 
separations. 
 
4.5 Conclusion  
 
 A protein system was computationally designed to bind Zn2+ cooperatively and 
form an antiparallel homodimer, which could be used to functionalize gold nanoparticles 
(AuNPs). The targeted dimerization involves multiple metal-ion binding sites, and the 
periodicity of the coiled-coil structure allows control of the protein length. The sequence 
undergoes a transition from unstructured to alpha-helical when Zn2+ is introduced into the 
solution. The cooperative formation of helical structure is reversible with stoichiometric 
additions of the chelator EDTA. The designed sequence was augmented with a C-
terminal cysteine linker, which allowed attachment to the AuNP surface. The resulting 
protein functionalized nanoparticles, ZAD5-AuNP, exhibited reversible interparticle 
association/dissociation. The change in AuNP separation, induced by dimerization of the 
ligated protein, was monitored by shifts in the surface plasmon resonance and visualized 
using TEM. Aqueous titrations with Zn2+ revealed sharp “switch-like” sigmoidal 
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transitions over submicromolar Zn2+ concentrations. In addition, the metal-ion 
concentration that yielded nanoparticle association could be shifted by varying one of 
several parameters: the surface loading of the protein, solution ionic strength, addition of 
hydrophobic co-solvents, and the metal ion used to trigger the dimerization. The 
cooperativity for nanoparticle association is consistent with the multiple metal binding 
sites in a single dimer, folding of the dimer protein, and the association of multiple 
dimers between adjacent nanoparticles. The association of ZAD5-AuNP was most 
sensitive to Zn2+, and the concentration of nanoparticle association for Zn2+ was well 
separated from those observed for La3+ and Mn2+ (Figure 9). The protein dimer length is 
variable with the addition or removal of repeat units within the sequence. The 5-heptad 
protein was lengthened by two-heptads to create a 7-heptad variant, which was used to 
functionalize the particles (ZAD7-AuNP). ZAD7-AuNP also exhibited reversible metal-
induced nanoparticle association. For the associated states of ZAD5-AuNP and ZAD7-
AuNP, TEM and extinction data were consistent with the nanoparticle separations 
expected given the lengths of model structures of the proteins.  
 
While high-resolution structures of the designed proteins on the nanoparticle 
surfaces have not been determined, many of the experimental observations are consistent 
with the model structures of the designed sequences. The isolated protein ZAD5-
NoLinker undergoes a transition to alpha helical structure upon exposure to Zn2+. 
Analytical ultracentrifugation studies are consistent with monomer-dimer equilibrium at 
high concentrations of Zn2+. The functionalized particles undergo zinc-mediated 
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association. Solution conditions were modified with the addition of a hydrophobic co-
solvent or an increase of solution ionic strength, and the subsequent increases in the Zn2+ 
concentrations necessary to elicit association were consistent with destabilization of the 
designed valine zipper and the salt-bridging interactions present in the computational 
model of the dimer. TEM measurements revealed that the distributions of interparticle 
separations are commensurate with the lengths of the protein model structures. 
Nonetheless, it will be of interest to further investigate the structure of these designed 
zinc binding proteins when on the AuNP and how the structure may be modified when 
metal ions other than Zn2+ are employed at high concentrations. 
 
This de novo designed protein system is a step towards developing a predictive 
understanding of how to use large conformationally flexible amino acid sequences to 
create self-assembled systems with well-structured local environments. Although not 
explored herein, the assembly properties of the dimer proteins should also be sensitive to 
pH and temperature.  Herein the proteins were realized using peptide synthesis, but these 
sequences can also be genetically encoded and fused with other proteins, thus providing a 
means to reversibly immobilize targeted proteins on nanoparticles. The designed proteins 
may also potentially be displayed on phage or cellular exteriors to provide reversible 
linkages to proteins and nanoparticles. Incorporating computational design of the 
biological component of these hybrid systems affords great control over the resultant 
function of the hybrid material and allows the creation of function beyond what may be 
leveraged with natural proteins. 
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5. Directed Reversible Linking of Gold Nanorods via a 
Computationally Designed, Metal-binding Peptide 
 
Adapted from manuscript in preparation. Robert C. Ferrier, Jr.‡, Matthew J. Eibling‡, Christopher 
MacDermaid, Jeffery G. Saven, Russell J. Composto 
‡ Co-First Authors 
R.C.F carried out NR synthesis, assisted with experimental studies of the protein-NR systems, 
and performed microscopy. 
M.J.E. performed experimental studies of the protein and protein-NR systems. 
C.M.M. computationally designed the proteins.  




 The utilization of metal nanoparticles as robust sensing platforms has received 
significant interest from the scientific community. Gold nanorods (AuNRs) are 
particularly attractive for sensing applications due to their facile and tunable synthesis328-
331, assembly dependent optical properties332-335, and ease of functionalization with a wide 
variety of functional molecules.336-339 AuNRs are characterized by two extinction 
peaks340, the longitudinal surface plasmon resonance peak (LSPR), based on the AuNR 
length, and the transverse surface plasmon resonance peak (TSPR), based on the AuNR 
diameter. SPR peaks are affected by not only the physical characteristics of individual 
AuNRs, but also by the assembly of the AuNRs. Assembling AuNRs end-to-end will 
cause a red shift in the LSPR, while assembling side-by-side will cause a blue shift in the 





 AuNRs can be used to detect additives in solution through analysis of the change 
in solution optical properties, making AuNRs attractive as sensors. AuNRs have been 
utilized to sense alkanedithiols342, chelating agents343, toxins344, 345, and heavy metals346, 
347. The presence of these molecules in an AuNR solution triggers assembly of the 
AuNRs via specific or non-specific interactions. For example, Thomas and co-workers342 
assembled AuNRs with alkanedithiol molecules which linked AuNRs together via Au-
thiol bonds. The shift in the LSPR peak was found to be proportional to the alkanedithiol 
concentration. Li and co-workers348 showed that AuNRs assemble in the presence of a 
negatively charged porphyrin molecule due to electrostatic interactions. Again, optical 
property changes were tied to the concentration of the porphyrin. While detection of these 
molecules by way of AuNR assembly is clear-cut in the cases above, the AuNRs would 
assemble similarly with the addition of any dithiol or a symmetrically charged molecule.  
There is little opportunity for specificity or differentiation among the small molecular 
species that elicit assembly. Furthermore, in most cases, the assembly of the AuNRs 
occurred irreversibly, so the AuNRs could not be re-used in their sensing capacity.  
 
 Depending on their surface chemistry, assembly of AuNRs can be triggered to 
reversibly assemble through changes in the solution environment. AuNRs have been 
assembled end-to-end or side-by-side by changing pH337, 349, salt content350, 
temperature,351 and organic solvent content352. For instance, Kumacheva and co-
workers352 assembled AuNRs end-to-end by grafting a polystyrene brush selectively to 
the ends of the AuNRs and modulating the water to dimethylformamide ratio. Zhao et 
al.349 reversibly assembled AuNRs end-to-end by end-grafting self-hybridizing DNA to 
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the ends of AuNRs and adjusting the pH to control DNA hybridization.  While AuNRs 
have been reversibly assembled by changing environment, reversible assembly of AuNRs 
has not been demonstrated in the presence of a specific additive. Therefore, the ideal 
AuNR sensor would assemble in the presence of a specific trigger, reverse assembly 
quickly with little loss in efficacy, and be able to be redesigned to respond to other 
triggers. 
 
In this work, we present the reversible assembly of peptide end functionalized 
AuNRs (PNRs) triggered by the addition of a specific metal ion. The specific assembly of 
the PNRs was accomplished by end-grafting a peptide. While peptides have been used to 
assemble AuNRs before231, 353, 354, we utilized a de novo designed peptide which 
specifically binds Zn2+.355 PNR assembly in the presence of Zn2+ was characterized via 
UV/Visible spectroscopy and SEM. The PNR assemblies were easily and quickly 
reversed with the addition of a chelating agent, returning the PNRs back to their 
dispersed state where they could be re-linked by adding additional Zn2+. An alternate 
divalent metal ion, Ca2+, was also investigated but resulted in no linking of the PNRs. 
Finally, the Zn2+ concentration-dependent optical properties of the PNR solution were 
investigated.  As the Zn2+ concentration increased, the LSPR peak position underwent a 
strong red-shift from 760 nm to 976 nm. Therefore, we have demonstrated the assembly 
of PNRs in the presence of a specific metal ion. This method can be potentially 
generalized to other metal ion additives as well, through de novo design methods 






Reagents used in the synthesis were purchased from Sigma-Aldrich, EMD 
Millipore, Fisher, and Novabiochem, and used as received. 
 
 
5.2.1 Gold Nanorod Synthesis 
 
Three 40 mL solutions of cetyltrimethylammonium bromide (CTAB) coated 
AuNRs in DI water are synthesized by a seed-mediated growth method as outlined 
elsewhere.328, 329, 334  Excess CTAB is removed through two washing cycles consisting of 
centrifugation (20 min at 8,000 RPM, Eppendorf 5804) followed by replacement of the 
supernatant with approximately 40 mL of Milli-Q water.  Following the washing steps, 
the three AuNR solutions are combined and concentrated in 40 mL of water, providing a 
stock solution of concentrated AuNRs. 
 
5.2.2 Peptide Synthesis 
 
The 39-residue peptide (NEHYQVQQEH QQVQQKHQQV QQEHQYVQQR 
HQQVQGGGC) was synthesized on Rink Amide-MBHA resin using a Liberty 1 
microwave peptide synthesizer.  The N-terminus was acetylated. Cleavage from the resin 
by TFA resulted in a C-terminal amide. The peptide was purified using HPLC with a C-
18 column. The mass of the purified peptide was confirmed by MALDI-MS. (MWIsotopic 
= 4805.2 g/mol) 
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5.2.3 Gold Nanorod Functionalization 
 
Prior to functionalization, the peptide was incubated for one hour at room 
temperature with an equimolar ratio of tris(2-carboxyethyl)phosphine (TCEP) to reduce 
all thiols. AuNRs (2.7 nM) were then mixed with the peptide (2.7 µM) in DI H2O and 
incubated overnight at 32°C with mixing. The peptide AuNR (PNR) solution was 
centrifuged to remove free peptide and exchanged to a 100 mM CTAB / 10mM MOPS 




The extinction of AuNR dispersions were characterized by a Varian Cary 5000 
UV-Visible spectrophotometer. AuNR assemblies on Si wafer were visualized with a Jeol 
7500F scanning electron microscope. 
 
5.3 Results and Discussion 
 
Gold nanorods (AuNRs) were synthesized via a seed-mediated growth method. 
The synthesis procedure is outlined elsewhere.328, 329, 334 After synthesis, three 40 mL 
solutions of AuNRs were centrifuged to separate AuNRs from impurities, the supernatant 
was removed, and the AuNR aliquots were combined to form a concentrated AuNR stock 
solution. The AuNRs were then characterized with UV/Visible spectroscopy and SEM. 
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Figure 1 is the (a) extinction spectrum of AuNRs in water and (b) an SEM image of the 
as-synthesized AuNRs drop cast on a Si wafer. The AuNR extinction is characterized by 
a longitudinal surface plasmon resonance (LSPR) peak at 760 nm and a transverse 
surface plasmon resonance peak (TSPR) at 512 nm. Analysis of AuNR SEM images 
reveals AuNRs that are 35 nm long by 12 nm in diameter, which is consistent with the 




Figure 1. (a) The extinction spectrum of as-synthesized, CTAB-capped AuNRs in DI H2O. The 
LSPR peak position is found to be at 760 nm. (b) A representative SEM image of the as-
synthesized AuNRs, having dimensions of 35 nm by 12 nm.  
 
AuNRs were end-functionalized with the designed peptide. A Zn2+ binding 
peptide was computationally designed de novo to form a helical, anti-parallel helical 
homodimer (coiled-coil).355 The self-complementary metal mediated dimerization is 
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provided by five Zn2+ binding sites, where each peptide contributes a single histidine 
residue to each of the five Zn2+ coordination sites. In the absence of Zn2+, the peptide is 
unstructured. The peptide features a cysteine at the carboxy terminus, which allows 
attachment to the ends of the AuNRs via the thiol moiety.337, 350 AuNRs (2.7 nM) were 
mixed with the peptide (2.7 µM) in DI H2O and incubated overnight at 32°C with 
mixing. The peptide AuNR (PNR) solution was centrifuged to remove free peptide and 
exchanged to a 100 mM CTAB / 10mM MOPS pH 7 buffer. The extinction spectrum of 
the final, purified solution was acquired via UV/Visible spectroscopy (Figure 2a). The 
LSPR peak position at 766 nm was similar to the non-functionalized AuNRs and 
indicative of good dispersion. SEM was also performed on a drop-cast PNR sample dried 
on a Si wafer. A representative SEM image can be seen in Figure 2b. The SEM reveals 
the PNRs are well dispersed.  
 
PNRs were end-linked by adding free Zn2+ ions to the solution. ZnSO4 (250 µM) 
was added to the PNR solution and mixed overnight to allow linking. The solution 
underwent a color change from the crimson color of the dispersed PNRs to a blue color 
with a precipitate forming at the bottom of the vial, indicative of assembly. The 
extinction of the linked PNR solution can be seen in Figure 2c. Upon linking, the LSPR 
undergoes a significant broadening and red-shift from 760 nm to 960 nm, which is 
consistent with linking. Linked PNRs were further characterized by SEM. A 
representative SEM image can be seen in Figure 2d. The SEM reveals that PNRs form 
chains with 10 or more PNRs per chain. The polydispersity in the chain length results in 
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Figure 2. Normalized extinction spectra and corresponding SEM image of PNRs before addition 
of Zn2+ (a,b), after addition of 250 µM Zn2+ (c,d), and after addition of 250 µM EDTA (e,f). 
Before the addition of Zn2+, the PNRs are well dispersed with LSPR peak at 766 nm. Adding Zn2+ 
causes the PNRs to link, which causes the LSPR to undergo a broadening and red-shift to 960 
nm. Adding EDTA causes the PNRs to revert to their dispersed state which is characterized by a 
blue-shift in the LSPR to 764 nm. The vertical lines on the extinction spectra (a,c,e) indicate the 





PNRs were de-linked by adding a chelating agent, ethylenediaminetetraacetic acid 
(EDTA), to the PNR solution. EDTA was added to the solution of linked-PNRs in an 
equimolar quantity to the ZnSO4 (i.e. 250 µM) to promote full reversal of linking. The 
de-linking process occurs with much celerity; the PNRs are de-linked in under 30 
seconds with some slight shaking. A video of the de-linking process was recorded 
(supplemental), and stills from the video appear in Figure 3. Figure 3a is the juxtaposition 
of the unlinked (left cuvette) and linked (right cuvette) PNR solution. The linked PNR 
solution is blue in color compared to the unlinked solution which is a crimson color 
consistent with the UV/Vis spectra in Figure 2. EDTA is then added via pipette (Figure 
3b), and the linked PNR cuvette is shaken by hand (Figure 3c).  In less than 30 seconds, 
the PNR solution returns to the crimson color of dispersed PNRs in Figure 3d. De-linking 
is characterized by a color change from blue to crimson coupled with the dissolution of 
the previously formed precipitate. The extinction spectrum of the de-linked PNRs can be 
seen in Figure 2e. The LSPR undergoes a significant blue-shift from 960 nm to 764 nm. 
A comparison of the extinction spectra prior to linking and after de-linking reveals they 
are superimposable, indicating a full reversal of the linking process. De-linked PNRs 
were further characterized by SEM and a representative SEM image can be seen in 





Figure 3. Unlinking of PNRs with addition of EDTA. (a) Dispersed (left cuvette) and linked by 
250 μM ZnSO4 (right cuvette) PNR solutions. The linked PNR solution is noticeably blue 
compared to the unlinked PNR solution which is crimson in color. (b) One equivalent of EDTA 
(250 μM) is added to linked PNR solution via pipette. (c) Cuvette containing EDTA / linked PNR 
solution is shaken for a few seconds. (d) Juxtaposition of the previously unlinked (left cuvette) 




 We assessed whether linking was specific to Zn2+, or if the system would respond 
to another divalent metal ion by repeating the linking experiment with Ca2+ ions. The 
PNR solution was incubated with 250 μM Ca2+ for 72 hours. No color change was 
observed; the solution remained the crimson color consistent with dispersed PNRs. This 
is in contrast to other protein-nanoparticle systems that have been shown to respond to 
both Zn2+ and Ca2+.357 The extinction spectrum of the PNR and Ca2+ solution was 
acquired and can be seen in Figure 4. The LSPR peak position remained at 764 nm, 
which is the same as for the PNRs with no metal ions. An equimolar quantity of EDTA 
(i.e. 250 µM) was then added and mixed for 24 hours. The extinction spectrum for this 
solution was acquired and can be seen in Figure 4. The extinction spectrum for the Ca2+ 
and EDTA case is identical to the case of just the Ca2+, indicating no assembly or 
disassembly of the PNRs has taken place. As a final control, 250 µM of EDTA was 
added to a solution of unlinked PNRs that had not been exposed to Ca2+ previously, and 
the resulting extinction spectrum can be seen in Figure 4. The extinction is identical to 
the unlinked PNR case, which confirms that EDTA itself does not trigger assembly. 
While EDTA has been used to assemble AuNRs previously343, we observe no assembly 
with EDTA, which is likely due to the MOPS buffer solution screening EDTA-CTAB 




Figure 4. Absorbance spectra of PNRs with 250 µM EDTA (blue), 250 µM Ca2+ (orange), and 
250 µM of Ca2+ and 250 µM of EDTA (gray). None of the combinations of additives causes the 
PNRs to link which is evident by the LSPR peak staying constant at 764 nm, consistent with 
well-dispersed PNRs.  
 
The effect of Zn2+ concentration on the optical properties of a 2.7 nM PNR 
solution was investigated. Zn2+ was added to PNR solutions at concentrations of 0, 50, 
75, 90, 125, 175, 200, 225, and 250 µM. Assembly was allowed to occur over 48 hours 
under mixing. The extinction spectra of all solutions were acquired and selected spectra 
can be seen in Figure 5. As Zn2+ concentration increases beyond 50 µM, the LSPR peak 
undergoes a red-shift from 760 nm (0-50 µM) to 976 nm (175 µM) and broadens, 
consistent with linking. The LSPR peak position was plotted as a function of Zn2+ 
concentration in Figure 6. The plot shows linking begins to occur after a critical 
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concentration, 50 µM, is reached and increases linearly until plateauing at 976 nm (175 





Figure 5. Selected extinction spectra of PNRs incubated with 0, 50, 75, 125, and 225 µM of Zn2+. 
As the Zn2+ concentration is increased, the LSPR peak strength at 760 nm significantly decreases 






Figure 6. The LSPR peak wavelength as a function of Zn2+ concentration. The LSPR peak begins 
to shift after 50 µM of Zn2+ is added and continues shifting roughly linearly until 175 µM of Zn2+ 




We have demonstrated, for the first time, the reversible assembly of PNRs end-
grafted with a metal binding peptide. The unique binding mechanism of the peptide 
allows for controlled assembly of the PNRs to take place by tuning Zn2+ concentration, 
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which allows for the control of the solution-phase optical properties. We have also 
demonstrated the full reversibility of the assembly, allowing the PNRs to be used again to 
detect Zn2+ at micromolar concentrations. Furthermore, this proof of concept system 
opens the door for highly specific biosensors moving forward. This system was designed 
de novo to bind a particular metal ion, Zn2+. We can envision the ability to sense other 

























A.1 Data for Charge Transfer Lifetimes of PZn-Ph-NDI in Various 
Solvents 
 
Adapted from the supplemental information for manuscript: Polizzi‡, N. F.; Eibling‡, M. J.; 
Perez-Aguilar, J. M.; Rawson, J.; Lanci, C. J.; Fry, H. C.; Beratan, D. N.; Saven, J. G.; Therien, 
M. J., Photoinduced Electron Transfer Elicits a Change in the Static Dielectric Constant of a de 
Novo Designed Protein. Journal of the American Chemical Society 2016, 138 (7), 2130-2133 
‡ Co-First Authors 
Data presented collected by N. F. Polizzi 
  
Below in Table A1-1 is an overview of CT lifetimes of PZn-Ph-NDI in various solvents.  
Table A1-1. Electron-Transfer Time Constants of PZn-Ph-NDI in 
Various Dielectric Environments. 




























1,4-dioxane 25.9 (25.6, 26.1) 360.3 (357.6, 362.6)  2.3 550 400 
1,4-dioxane / 1% NMIc 12.0 (11.9, 12.1) 102.1 (101.5, 102.5) 2.6 560 850 
dimethoxymethane 34.8 (31, 38) 136.2 (132.8, 142.9) 2.7 550 460 
1,4-dioxane / 1% H2O 26.6 (26.3, 27.5) 201.3 (197.5, 202.2) 3.0 550 425 
dimethoxymethane / 1% 
NMI 
12.6 (12, 14.1) 53.8 (51, 54.7) 3.1 550 520 
1,4-dioxane / 1% H2O / 1% 
NMI 
12.1 (12, 12.2) 69.5 (69.4, 69.7) 3.4 560 850 
Anisole 25.1 (24.4, 26.6) 73.2 (70.8, 74.3) 4.3 550 800 
Anisole / 1% NMI 15.8 (15.6, 16.3) 39.6 (38.9, 39.9) 4.7 550 
 
785 
1,4-dioxane / 5% H2O 23.3 (22.6, 24.5) 59.4 (57.6, 60.2) 6.1 550 345 
2-MeTHF 20.0 (19.7, 20.5) 37.1 (36.6, 37.4) 7.0 550 715 
2-MeTHF / 1% NMI 13.8 (13.5, 14.2) 19.9 (19.5, 20.2) 7.3 550 715 
THF 11.7 (11.3, 12.3) 30.9 (30.1, 31.3) 7.6 550 350 
THF / 1% NMI 9.0 (8.5, 9.9) 18.3 (17.3, 18.8) 7.9 560 370 
DCM 8.0 (7.8, 8.4) 29.5 (28.9, 29.8) 8.9 550 460 
DCM / 1% NMI 5.0 (4.9, 5.1) 12.8 (12.7, 12.9) 9.2 550 430 
1,4-dioxane / 10% D2O 26.7 (25.2,29.2) 35.7 (33.1 37.3) 10.0 550 650 
1,4-dioxane / 10% H2O 18.8 (17.3, 22.7) 36.1 (32.6, 37.9) 10.0 550 650 
1,4-dioxane / 10% D2O / 1% 
NMI 
10.9 (10.2,12.3) 25.4 (24.1,26.3) 10.4 560 920 
1,4-dioxane / 10% H2O / 1% 
NMI 
9.1 (9, 9.3) 24.7 (24.5, 24.9) 10.4 560 920 
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1,4-dioxane / 20% H2O / 1% 
NMI 
7.0 (6.9, 7.1) 19.9 (19.8, 20) 17.8 560 920 
PhCN 22.7 (21.8, 24.9) 12.7 (10, 14) 26 555 325 
PhCN / 1% NMI 15.1 (13.4, 16.5) 12.0 (10.5, 13.5) 26.1 550 730 
DMF 30.2 (30, 30.6) 13 (10.9, 15.2) 36.7 550 340 
DMSO / 1% NMI 24.6 (23.8, 24.9) 4.3 (4.1, 5.9) 46.6 560 1040 
DMF / 1% NMI 23.0 (22.8, 23.3) 7.7 (5.8, 8.7) 36.7 560 860 
DMSO 27.5 (27.4, 27.6) 5.5 (5.4, 5.6) 46.7 560 350 
 aOptimum lifetimes from global fitting are shown, with time constants bounded at 16% and 84% 
percentiles of the bootstrapped lifetime distributions in parentheses (see Appendix 3: 
Bootstrapping of Pump-Probe Transient Data for Confidence Intervals). bDielectric constants of 
solvent mixtures were calculated as the volume-fraction weighted sum of each component 
dielectric constant, e.g. DCM / 1% NMI = 0.99 * 8.9 + 0.01 * 40, where 40 is the dielectric constant 














A.2 Pump-Probe Fitting Parameters and Theoretical Modeling of 
Dielectric Dependence of Charge Transfer Lifetimes 
 
Adapted from the supplemental information for manuscript: Polizzi‡, N. F.; Eibling‡, M. J.; 
Perez-Aguilar, J. M.; Rawson, J.; Lanci, C. J.; Fry, H. C.; Beratan, D. N.; Saven, J. G.; Therien, 
M. J., Photoinduced Electron Transfer Elicits a Change in the Static Dielectric Constant of a de 
Novo Designed Protein. Journal of the American Chemical Society 2016, 138 (7), 2130-2133 
‡ Co-First Authors 
Data presented collected by N. F. Polizzi 
 
Global Fitting of Ultrafast Pump-Probe Data  
Pump-probe transient dynamical data, collected between 440 nm – 810 nm, were 
globally fit via in-house Matlab code that accounts for probe chirp (typically less than 
600 fs for the wavelength window described here), IRF, as well as any coherent artifact 
near time zero, evident at various solvent-dependent wavelengths.358, 359 The resultant 
decay-associated difference spectra (DADS) and species-associated difference spectra 
(SADS) are therefore chirp-free. The coherent artifact was modeled as a superposition of 
a Gaussian with its first and second derivatives.360, 361 SADS can be obtained from the 
DADS by a linear transformation.359  We have written Matlab code that transforms the 
DADS to an SADS characteristic of a sequential mechanism, relevant to the electron-
transfer (ET) dynamics in this report.  Depending on the system, the employment of 
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DADS or SADS is more prudent. For example, due to independently decaying 
populations of excited states in SCPZnI3 in this report, DADS is more appropriate to 
describe the spectra (and, therefore, relative amplitudes) of the charge-separated states in 
the holo-monomer and holo-dimer.  The Matlab code used for our data analysis in this 
report is available upon request.  
 
 
Marcus Theory Modeling of Dielectric Dependence of the Electron-Transfer 
Dynamics 
The electron-transfer time constants are proportional to exp(EA/kBT), where 
.147, 151, 362  Here, ΔG and λ (in units of eV) both depend on the static 













(A) are the oxidation potential of the donor (PZn) and reduction 
potential of the acceptor (NDI), respectively. RD,A is the center-to-center distance, in 
angstroms, of the donor to the acceptor; rA and rD are the radii of the acceptor and donor, 
respectively; E0,0 is the energy of the S1 excited state (typically taken as the wavelength at 
which the normalized absorption and emission bands overlap), εs is the dielectric constant 
of the solvent in which the redox potentials were measured; b is a scaling parameter in 
order to account for the over-estimation of the solvation energy at low dielectric constant. 
We attenuate the Born solvation term by a reasonable amount of 0.35.363 For the 
reorganization energy λ, we choose an average optical dielectric constant of 2.0, typical 
of an organic solvent.  The inset of Figure 9 in Chapter 3.4.5 is a plot of exp(EA/kBT) vs 
static dielectric constant for the parameters listed in Table A2-1.  
Table A2-1. PZn-Ph-NDI Relevant Parameters 
for Marcus Theory Dependence of Charge 
Transfer Time Constants on Dielectric Constant  
Parameter Value 
Eox
(D) 0.87 V vs SCE154 
Ered
(A) - 0.5 V vs SCE154 
RD,A 12.5 Å 
rA 4.0 Å 
rD 3.4 Å 





kBT 0.025 eV 
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A.3 Kinetic Isotope Effect Data 
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Perez-Aguilar, J. M.; Rawson, J.; Lanci, C. J.; Fry, H. C.; Beratan, D. N.; Saven, J. G.; Therien, 
M. J., Photoinduced Electron Transfer Elicits a Change in the Static Dielectric Constant of a de 
Novo Designed Protein. Journal of the American Chemical Society 2016, 138 (7), 2130-2133 
‡ Co-First Authors 
Data presented collected by N. F. Polizzi 
 
Bootstrapping of Pump-Probe Data for Confidence Intervals  
Because kinetic isotope effects in pure ET reactions can be small (1±0.5), a means 
to measure the statistical spread in the optimally determined time constants is necessary. 
Confidence intervals (CIs) of transient dynamical data for all time constants in this work, 
including those for KIE calculations, were determined by bootstrapping the residuals of 
the optimum global fit, and refitting each of the bootstrapped datasets.364, 365 Typically, 
the refitted time constants are different than the optimal time constants, leading to a 
statistical distribution for each time constant.  The number of such KIE-relevant 
bootstrapped datasets for this work was 1000. These include all time constants listed in 
Table A3-1. CIs for all other reported time constants utilized a bootstrapped dataset size 
of 100, as higher numbers showed convergence to the reported CI. The CIs reported in 
this work are the 16% and 84% percentiles of the bootstrapped lifetime distributions 
[Table A3-1, Figures A3-(1-3)].  For a Gaussian distribution, these percentiles correspond 
to a ± 1 standard deviation from the optimum time constant.  The bootstrapped 
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distributions are not restricted to a pure Gaussian shape, so this general method is able to 
produce asymmetries in the upper and lower bounds of the CI.   If the CIs of a time 
constant measured in a solvent with H2O vs. D2O do not overlap, the KIE is, in this sense, 
statistically significant.  For example, Figure A3-1 shows that the CI of τCS
H2O and τCS
D2O 
do not overlap, so the KIE is significant.  Conversely, Figure A3-3 shows that the CI of 
τCS
H2O and τCS
D2O in SCPZnI3 do overlap, so the KIE is not significant.  Figure A3-4 
graphically shows an overview of some of the ET time constants from Table A3-1 and 
Figures A3-(1-3). 
Table A3-1. Kinetic Isotope Effect of PZn-Ph-NDI in 1,4-
Dioxane/Water Mixtures and Lack Thereof in SCPZnI3 
Protein 
Dioxane with: τcs (ps)a KIEcs
b 
τcr  (ps)a KIEcr
b 
10% H2O 18.8 (17.3,22.7) 1.4 36.1 (32.6,37.9) 1 
10% D2O 26.7 (25.2,29.2) 35.7 (33.1 37.3) 
10% H2O / 1% NMI 9.1 (9.0,9.3) 1.2 24.7 (24.5,24.9) 1 
10% D2O / 1% NMI 10.9 (10.2,12.3) 25.4 (24.1,26.3) 
SCPZnI3 / H2O 
buffer 
7.1(6.8,7.4) 1 21.7 (21.1,22.3), 
69.0 (65.3,73.2) 
1, 1 
SCPZnI3 / D2O 
buffer 
7.5 (7.4,7.7) 22.0 (21.3,22.6), 
68.8 (65.3,71.9) 
aOptimum lifetimes from global fitting are shown, with time constants bounded at 
16% and 84% percentiles of the bootstrapped lifetime distributions in parentheses.  
NMI = N-methylimidazole. bIf the confidence intervals overlap, the KIE is not 





Figure A3-1. Distributions of ET lifetimes of PZn-Ph-NDI in 1,4-dioxane/ 10% D2O and 10% H2O, 
as a result of 1000 independent fits of bootstrapped residuals; confidence intervals of 16% and 84% 
percentiles of the bootstrapped lifetime distributions are shown as vertical lines connected with a 
dotted line; the optimum time constant is shown as the bolded, middle, vertical line. (A) CS lifetimes, 
(B) CR lifetimes. 
A  B  
Figure A3-2. Distributions of ET lifetimes of PZn-Ph-NDI in 1,4-dioxane/ 1% N-methylimidazole (N-
MI) / 10% D2O and 10% H2O, as a result of 1000 independent fits of bootstrapped residuals; 
confidence intervals of 16% and 84% percentiles of the bootstrapped lifetime distributions are shown as 
vertical lines connected with a dotted line; the optimum time constant is shown as the bolded, middle, 







Figure A3-3. Distributions of ET lifetimes of 
PZn-Ph-NDI in SCPZnI3 / D2O and H2O 
buffers, as a result of 1000 independent fits of 
bootstrapped residuals; confidence intervals of 
16% and 84% percentiles of the bootstrapped 
lifetime distributions are shown as vertical lines 
connected with a dotted line; the optimum time 
constant is shown as the bolded, middle, vertical 
line.  (A) CS lifetimes (B) monomer-derived CR 






Figure A3-4. Electron-transfer time constants of PZn-Ph-NDI in 1,4-dioxane with varying percent H2O, 
as a function of effective solvent dielectric. Red and blue lines show charge-recombination and charge-
separation time constants, respectively, for solvents with 1% N-methylimidazole (N-MI). Dielectric 
constant is a volume-fraction weighted sum of component solvent dielectric constants.  Shaded line widths 
indicate confidence intervals of the fitted time constants (bounded at 16% and 84% percentiles of the 
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